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Major  Department:  Materials  Science  and  Engineering 

A  novel  approach  to  control  the  texture  of  gel-silica 
monoliths  has  been  investigated.  The  gel  texture  can 
effectively  be  controlled  by  an  aging  treatment  rather  than 
by  changing  catalysts  and  other  processing  parameters. 

Two  different  mechanisms  which  may  dominate  the  aging 
process  are  proposed:  one  is  a  chemical  condensation  reaction 
and  the  other  Ostwald  ripening.  The  dominating  mechanism 
depends  upon  the  nature  of  the  aging  medium. 

After  aging  treatments  in  NH4OH  solutions 
(concentration  varied  from  1  x  10~3  N  up  to  14.5  N)  at  certain 
temperatures  (from  5  to  80°C)  for  certain  periods  of  time 
(from  5  minutes  up  to  60  days),  the  surface  area,  the  total 
pore  volume  and  the  average  radius  of  dried  gel-silica 
samples  can  be  controlled  in  the  range  of  770  m2/g  to  200 
m2/g,  0.50  cm3/g  to  1.15  cm^/g  and  12  A  to  135  A  respectively. 
Very  narrow  distributions  of  pore  sizes  around  the  mean  pore 
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radius  can  be  obtained  using  controlled  aging  treatments.  Gas 
adsorption  isotherm  hysteresis  loops  show  that  ink-bottle 
necked  pores  inside  gel-silica  monoliths  can  also  be  changed 
into  cylindrical  pore  cross  sections  by  aging  treatment. 

Dried  porous  gel-silica  monoliths  with  aging  controlled 
textures  are  easy  to  stabilize  at  temperature  ranging  from 
700°C  to  1100°C.  The  resultant  stabilized  monoliths  are 
strong,  optically  transparent,  and  capable  of  being 
impregnated  with  a  large  volume  fraction  of  organic  molecules 
to  make  a  unique  class  of  optical  composites.  Another 
remarkable  feature  of  this  kind  of  large  pore  size  gel-silica 
is  that  it  can  be  fully  densified  at  1150°C,  within  40  hours 
in  an  open  air  box  furnace  without  any  chemical  dehydration 
treatment  such  as  chlorination  or  gas  flow,  and  without 
foaming  which  is  a  common  problem  in  the  densif ication  of 
gel-silica  monoliths. 

Gel-silica  with  controlled  texture,  especially  larger 
size  pores,  larger  volume  fraction  of  porosities  and 
cylindrical  pore  shapes,  has  many  potential  applications. 
Solid  state  dye  lasers  made  by  using  the  aging  controlled 
gel-silica  matrices  (average  pore  radius  >  90  A,  total  pore 
volume  >  1.00  cm^/g)  and  impregnated  with  laser  dye 
4PyP0-MePTS  showed  good  lasing  characteristics. 
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CHAPTER  I 
INTRODUCTION 


1.1  Silica  Glasses 


Silica,  a  short  convenient  designation  for  "silicon 
dioxide"  (Si02)  in  all  its  crystalline,  amorphous,  and 
hydrated  or  hydroxylated  forms,  is  by  far  the  major  component 
of  the  crust  of  the  earth.  It  has  been  found  that  oxygen  and 
silicon  account  for  50%  and  26%  of  the  elements  in  the 
earth's  crust  respectively  [1],  Since  Si02  is  inexpensive, 
hard,  chemically  stable,  and  relatively  infusible  and  has  the 
ability  to  form  glasses,  it  is  widely  used  in  most  glasses, 
glazes,  enamels,  refractories,  abrasives,  and  whiteware 
compositions . 

Silica  (Si02)  glasses  or  vitreous  silicas  made  by  pure 
silica  are  desired  for  many  optical  systems  because  they  have 
high  purity,  high-temperature  stability,  low  coefficients  of 
thermal  expansion  (CTE) ,  high  thermal  shock  resistance,  very 
low  electrical  conductivity  and  dielectric  loss,  very  high 
chemical  durability,  and  a  wide  range  of  high  optical 
transparency;  they  are  isotropic  and  can  be  fabricated  and 
polished  to  high  standards. 
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1.1.1.  Traditional  Types 

Four  traditional  types  of  silica  glasses  have  been 
available  commercially,  each  with  its  own  manufacturing 
method  (Table  1.1)  and  characteristic  properties  (Table  1.2) 
[2-4]  . 

The  most  common  process  for  producing  silica  glasses 
involves  the  melting  of  naturally  occurring  silica  at  the 
temperature  above  its  liquidus  (1713°C),  usually  1800  to 
2000°C.  Although  there  are  a  variety  of  mineral  forms  in 
which  silica  naturally  occurs,  the  most  important  as  a  raw 
material  is  quartz.  The  glasses  resulting  from  this  process 
are  called  Type  I  and  II  [2]  silica  glasses,  commonly  called 
fused  quartz.  Type  I  is  obtained  by  electric  arc  melting  of 
natural  quartz  crystals,  whether  chunks  or  grains,  under 
vacuum  or  in  an  inert  or  reducing  atmosphere  as  indicated  by 
eq.  (1.1) 

heat 

Si02    (quartz)       ->       Si02    (glass)  (1.1) 
vacuum 

while  Type  II  is  made  by  flame  fusion  of  natural  quartz: 

heat 

Si02   (quartz)       ->      Si02   (glass)  (1.2) 
O2+H2 

Since   Types    I   and   II   silica   glasses   are  melted  from 
crushed  natural  crystalline  quartz  powders  of  mixed  particle 
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Table  1.1 

Processing  and  impurity  concentration 
of  the  different  types  of  silica  glasses 


Method  of 


Maximum  impurity  concentration  (ppm) 


Type      manufacture         Al       Fe     Ca     Mg      K      Na     Li     CI  OH 


I*         Electrical  150     7       12       7       4       12     12     50  4 

fusion  of 
quartz 
crystal 

II*      Flame  Similar  to  I  400 

fusion  of 
quartz 
crystal 

III*     Flame  10       6      4        3      2        2       1     60  1200 

hydrolysis 
of  SiCl4 

IV*      Vapor  phase  Similar  to  III  500  low 

oxidation 
of  SiCl4 

V**      Dense  Total  cation:   1-2  0-1000  <1 

Gel-silica 

VI**    Porous  Similar  to  V  >2000  0 

Gel-silica 

[2] 
[3] 
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Table  1.2 

Properties  of  the  different  types  of  silica  glasses 


Properties 


Type 

UV 

(50%  trans.) 
(nm) 

TEC 
(Cm/cm) 
X  106 

Refractive 
index 

Dispersion 
(A-1) 

Density 
(g/cc) 

I 

212-223 

0.54 

1.458 

67 . 8±0 . 5 

2.21 

II 

210-220 

0 . 55 

1.458 

67 . 8±0 . 5 

2.21 

III 

165-188 

0.55 

to 
0.57 

1.458 

67.8±0.5 

2  .20 

IV 

165-180 

0.55 

1 .458 

67.8±0.5 

2  .20 

V 

165-168 

0.2 

1.458 

to 
1 .463 

67  .8 

to 

66.4±0.5 

2.20 

VI 

250-300 

1.28 
to 
1.45 

1.30 

to 
2.10 

Source : 

[3] 
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size  well  above  micrometers  in  diameter,    they  have  numerous 
deficiencies   including  considerable  cation   impurities  (Type 
I),    hydroxyl    impurities    (Type    II),    inhomogeneities,  seeds, 
bubbles,   inclusions,   and  microcrystallites    [5] .   The  relative 
extent  of  these  defects  depends  on  the  grade  of  the  products, 
with  a  corresponding  increase  in  cost  for  the  better  grades. 

Type   III    (flame  hydrolysis  of   silicon  tetrachloride) 
optical    silica    is    made   by   vapor-phase    hydrolysis    of  pure 
silicon  tetrachloride  carried  out  in  a  flame   [2] : 

SiCl4  +  02  +  2H2  ->  Si02    (glass)    +  4HC1  (1.3) 


Type  IV  (vacuum  plasma  oxidation  of  silicon 
tetrachloride)  optical  silica  is  made  by  oxidation  of  pure 
silicon  tetrachloride  which  is  subsequently  fused 
electrically  or  by  means  of  a  plasma: 


SiCl4  +  02  ->  Si02    (glass)    +  CI2  (1,4) 

Both  Types  III  and  IV  silica  glasses  are  usually 
termed  synthetic  fused  silica.  The  cation  impurity  content  of 
fused  silica  is  substantially  lower  than  in  Types  I  and  II, 
because  of  the  high  purity  of  SiCl4  used  in  the  processing  of 
Types  III  and  IV  [4].  However,  it  is  difficult  for  the 
reactions    indicated   in   eqs .    3   and   4    to   go   to  completion. 
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Consequently,  water  contents  of  several  thousand  ppm  are 
present  in  Type  III  silica,  and  CI  ion  in  a  few  hundred  ppm 
is  retained  as  an  unreacted  residual  in  both  Types  III  and  IV 
silica   [3] . 

The  variations  in  impurity  content  of  Type  I-IV  silica 
significantly    affect    optical    transmission.     The  optical 
transmission  of  Types   I  and  III   silica  from  0.16  to  5  |Llm  is 
shown  in  Figure  1.1   [6].  Type  I  fused  quartz  offers  excellent 
transmission  in  the  visible  and  near  IR  but  gives  rise  to  a 
UV   cutoff   at    longer   wavelengths    and   UV   absorption   due  to 
cation  impurities,   IR  absorption  of  Type  II  fused  quartz  can 
also   occur   due   to   residual   OH   ions    in   the   glass.    Type  III 
fused  silica  has   excellent   UV  transmission  but  substantial 
absorption   in  the  NIR  and   IR  due  to  OH   ions   in  the  glass. 
Type  IV  silica  has  good  NIR  and  IR  transmission  with  the  UV 
cutoff   and  absorption   dependent   upon   processing.    There  is 
relatively   little   variation   in   the   coefficient   of  thermal 
expansion    (CTE) ,    hardness,    density,    refractive    index,  or 
dispersion  of  Type  I-IV  vitreous  silica   [3] .  However,  because 
of  the  differing  manufacturing  methods  there  are  significant 
differences   in  structural   features   such  as   striae,  residual 
strain,    bubbles,    inclusions,    and   index   inhomogeneity .  All 
these  shortcomings  limit  the  use  of  Types  I-IV  silica  glasses 
in  specific  applications. 
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0  .140.16     0.20      0.24     0.28      0.32  1.5  2.0       3.0       4.0  5.0 

Wavelength  (|J,m) 


Figure  1.1        Optical  transmission  of  different  types 
(see  Table  1.1)   of  vitreous  silica  [6]. 
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1.1.2  Two  New  Types  Derived  from  the  Sol-Gel  Processing 

The  sol-gel  processing  for  making  silica  glasses  has 
been  receiving  increased  attention  because  of  the  recognized 
advantages  inherent  in  the  processing.  The  outstanding 
features  of  the  resultant  silicas,  including  very  high 
homogeneity,  very  high  purity,  extremely  low  optical  loss, 
near  net  shape  casting  including  the  ability  to  form  desired 
internal  cavities  using  a  lost  wax  process,  and  relatively 
low  processing  temperature,  make  them  potentially  applicable 
to  a  wide  range  of  optical  products  such  as  lenses,  mirrors, 
and  optical  fibers.  In  addition,  sol-gel  processing  offers 
hope  that  sufficient  structural  manipulation  is  possible  on 
an  extremely  fine  scale,  within  the  nanometer  range  for  ease 
of  chemical  doping,  thereby  allowing  production  of  a  new 
generation  of  silica  materials  which  can  be  used  in  the 
following  fields   [3] : 

1.  Integrated  optoelectronics. 

2.  Host  for  atoms  and  molecules. 

3.  Matrices  for  doping  or  impregnation. 

4.  Lenses  with  graded  refractive  indices. 

5.  Planer  waveguides  and  multiplexers. 

6.  Fast  radiation  hard  scintillators. 

7.  Transpiration  cooled  optical  component. 

8.  Pure  silica  matrix  glass  laser. 
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9.    Tunable  solid  state  dye  laser. 
10. Optical  filters. 
11 .  Wavelength  shifters 

12  .  Non-linear  optical  elements  of  compounds,  etc. 

During  the  last  few  years  two  new  types  of  silica 
glasses  called  gel-silica  glasses:  Type  V  and  Type  VI  have 
been  developed  using  sol-gel  processing  [7-9] .  The  process 
schedule  for  those  two  types  is  shown  schematically  in  Figure 
1.2.  The  properties  of  Type  I  and  Type  II  fused  quartz  optics 
and  Types  III  and  IV  synthetic  fused  silica  optics  have  been 
compared  with  the  new  metalorganic  sol-gel  derived  (Types  V 
and  VI)   gel-silica  glasses   (for  detail  see  ref .3) . 

Fully  dense  (Type  V)  gel-silica  has  excellent  optical 
transmission  throughout  the  vacuum  UV,  UV,  VIS,  NIR,  and  IR 
(wavelengths  from  165  to  4000  nm)  with  no  OH  absorption 
peaks.  Other  physical  properties  and  structural 
characteristics  of  Type  V  gel-silica  are  generally  equivalent 
or  superior  to  the  best  grades  of  Type  I-IV  optical  silicas 
and  offer  the  advantages  of  near  net  shape  casting,  including 
internal  cavities,  lower  OH  content,  lower  dispersion,  and  a 
lower  coefficient  of  thermal  expansion  of  0.2  x  10"^  cm/cm 
compared  with  0.55  x  10"^  cm/cm  for  Types  I-IV  [3]. 

Optically  transparent  porous  gel-silica,  termed  Type 
VI,  has  substantial  quantities  of  interconnected  porosity  of 
a   size   smaller  than  that  which  scatters  visible   light,  and 
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2000 


Relative  Time 

Figure  1.2        Sol-gel  processing  steps: 

1. mixing,   2. casting,   3. gelation,   4. aging, 
5, drying,   6 , stabilization  7 . densif ication . 
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even  in  some  grades  UV  light.  This  type  of  gel-silica  glass 
has  a  UV  cutoff  ranging  from  250-300  nm  and  a  density  as  low 
as  60%  of  Types  I-V  silica  and  can  be  impregnated  with  up  to 
30  to  40%  by  volume  of  a  second-phase,  optically  active 
organic  or  inorganic  compound  [3] . 

The  sol-gel  process  of  producing  fully  dense  (Type  V) 
and  optically  transparent  porous  (Type  VI)  gel-silica  glasses 
has  recently  been  commercialized.  The  initial  commercial 
interest  was  in  fully  dense  (Type  V)  gel-silica  glasses  but 
has  expanded  into  the  production  of  porous  (Type  VI) 
gel-silica  glass  monoliths.  The  interests  in  porous  monoliths 
stem  from  a  unique  combination  of  properties  including  its 
excellent  ultraviolet,  visible  and  near  infrared  transmission 
qualities  and  its  interconnecting  porosity.  With  controllable 
texture  including  surface  area,  volume  fraction  of  porosity, 
average  pore  radius,  pore  size  distribution,  and  the  pore 
shape  of  the  porous  network.  Type  VI  gel-silica  glasses  have 
opened  up  more  different  application  interests  than  Type  V 
gel-silica  glasses. 


1.2.  Objectives 


Type  VI  optically  transparent  porous  gel-silica  has 
been  used  in  advanced  optical  applications,  as  described  by 
Hench    [10]    and  Hench  et   al .    [3,11]    for  years.   However,  the 


12 


relatively  narrow  range  of  texture,    mainly  characterized  by 
the  surface  area,   the  total  pore  volume  and  the  average  pore 
radius,    (as  described  in  the  previous   section,    the  maximum 
average  pore  radius  of  Type  VI  gel-silica  is  about  12  A  and 
the  maximum  volume   fraction   of  porosity   is   less   than  50%) 
greatly    limits    the    potential    applications    of  currently 
produced    Type    VI    gel-silica    materials.    In    order    to  meet 
various   stringent   requirements  of  special  applications,  the 
range    of   texture    as    well    as    other   properties    of   Type  VI 
gel-silica  need  to  be  expanded.  This  need  has  led  to  the  main 
objective    of    the    research    which    is    to    establish    a  new, 
effective    and    reliable    approach    for    producing    Type  VI 
gel-silica  with  a  wider   range   of   controllable  textures  and 
improved  properties. 

In  addition,  despite  the  remarkable  progress  that  has 
been  made  in  the  area  of  sol-gel  processing,  the  principal 
chemical  and  physical  mechanisms  of  texture  control  are  still 
not  clearly  understood  [12-15] .  An  atomic  and  molecular  level 
of  understanding  of  many  steps  of  sol-gel  processing  is  still 
lacking.  Thus  the  other  objectives  of  this  study  are: 

1)  To  study  the  effects  of  the  aging  process  and  aging 
parameters,  such  as  aging  temperature,  time  and  the  pH  of  the 
solution,  etc.,  on  the  texture  and  properties  of  Type  VI 
gel-silica. 
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2)  To  achieve  an  understanding  of  the  mechanisms  of 
the  aging  stage  in  the  sol-gel  processing  and  lay  down  a 
basis  for  further  investigation  of  other  scientific  aspects 
of  aging  treatment. 

In  Chapter  II,  the  history  and  development  of  the 
sol-gel  processing  is  reviewed.  Another  purpose  of  Chapter  II 
is  to  emphasize  that  there  exist  two  different  categories  of 
sol-gel  processing  and  correspondingly  two  groups  of 
gel-silicas,  namely,  aqueous  gel-silica  and  alcohol 
gel-silica.  The  main  differences  between  those  two  groups  of 
gels  are  discussed.  The  alcohol  gel-silica  made  from 
controlled  hydrolysis  and  condensation  reactions  of  alkoxides 
is  different  from  the  aqueous  gel-silica  made  from 
destabilization  of  inorganic  sols  in  all  aspects  except  the 
chemical  composition.  Alcohol  gel-silica,  e.g..  Type  V  and 
Type  VI  gel-silicas,  has  more  potential  applications  but  has 
been  less  scientifically  understood  than  the  aqueous  process. 
The  processing  sequence  for  making  alcohol  gel-silica, 
especially  Type  VI  gel-silica,  is  described  in  the  same 
chapter . 

Chapter  III  describes  the  various  approaches  to 
control  the  texture  of  monolithic  gel-silica.  The  aging 
process,  which  has  extensively  been  studied  and  used  in 
aqueous     gel-silica     system,     shows    the  possibility  of  being 
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used  in  an  alcohol  gel-silica  system  as  a  method  to  control 
the  texture. 

In  Chapter  IV,  two  experiments  which  concern  the 
control  of  texture  of  monolithic  gel-silica  by  use  of  aging 
treatments  are  designed.  In  experiment  A,  gels  are  aged  in 
their  own  pore  liquor,  while  in  experiment  B  NH4OH  is  used  as 
an  aging  medium  instead  of  the  pore  liquor. 

Chapter  V  presents  the  results  of  the  aging 
experiments,  which  prove  that  the  texture  of  Type  VI 
gel-silica  can  be  effectively  controlled  by  proper  aging 
treatments.  The  effects  of  aging  temperature,  time,  and 
concentration  of  an  aging  medium  on  texture  and  other 
properties  of  gel-silica,  such  as  contraction,  density, 
microhardness,  and  UV  transmission,  are  investigated  and  the 
topological  properties  of  the  gels  are  also  discussed. 

Chapter  VI  proposes  possible  mechanisms  which 
predominant  the  aging  process,  A  Huckel  molecular  orbital 
(HMO)  calculation  is  conducted  to  provide  complementary 
information  about  the  textural  evolution  of  gel-silica  during 
the  aging  treatment.  In  Chapter  VII,  an  application  of 
monolithic  gel-silica  optical  matrices  with  modified  texture 
controlled  by  aging  is  demonstrated.  General  conclusions  are 
presented  in  Chapter  VIII. 


CHAPTER  II 
SOL-GEL  PROCESSING 


2.1  Historical  Review 


The  novel  idea  of  making  materials,   mainly  silica,  by 
sol-gel    processing    originated    in    the    mid-1800s.  Manmade 
polysilicate    gels    synthesized    from    alkoxide  precursors 
closely     followed     the     first     preparation     of  silicon 
tetrachloride     (SiCl4)    in    1824    [16].    Ebelmen    [17]  reacted 
SiCl4  with  ethanol  to  form  first  tetraethoxysilane    (TEOS)  as 
early  as  1845.  His  subsequent  publications   [18]   document  that 
the    synthesized    compound,    TEOS,     slowly    converted    into  a 
glassy  gel  due  to  hydrolysis  by  atmospheric  moisture  at  room 
temperature.   Fibers  could  be  drawn,    even  monoliths  could  be 
cast  from  the  viscous  gel  and  finally  dried  to  yield  optical 
elements   such  as   lenses.    Since  an  extremely  long  period,  1 
year    or    more,    was    required    for    drying,    the    gel    had  no 
technological  significance  at  that  time    [17,19].    Sir  Thomas 
Graham   [20]   prepared  silica  by  dialyzing  dilute  silica  sols 
obtained  by  mixing   an   aqueous    solution   of   sodium  silicate 
with    hydrochloric    acid    in    1864.     He    proposed    a  network 
structure   theory  that   the   silica   gel   consisted  of   a  solid 
network  with  continuous  porosity.   This  theory  competed  with 
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existing  theories  of  gel  structure,  which  regarded  the  gel  as 
a  coagulated  sol  with  each  of  the  particles  surrounded  by  a 
layer  of  bound  water,  or  as  an  emulsion   [20] . 

During  the  period  from  the  late  1800s  through  the 
early  1900s,  sol-gel  processing  remained  in  its  infancy. 
Although  many  noted  chemists,  including  Ostwald  [21]  and  Lord 
Rayleigh  [22]  were  stimulated  by  the  process  and  investigated 
the  phenomenon  of  Liesegang  Rings  formed  from  the  gels,  only 
descriptive  literature  resulting  from  these  studies  was 
published  [23-25]  and  a  relatively  sparse  understanding  of 
the  physical-chemical  principles  was  reported   [26] . 

Both    scientific    and    technological    progress    in  the 
sol-gel   field  were  made   in  the   1930s.    Geffcken  et   al .  [27] 
reported    that    sol-gel    processing    could    be    used    in  the 
preparation    of    oxide    films.    The    Schott    glass    company  in 
Germany  commercialized  this  process  in  the  1950s  and  studied 
its    physics,    which    was    well    explained    in    the  excellent 
reviews    by    Schroeder    [28,29]    and    Dislich     [30].  Graham's 
network  structure  theory  of  silica  gel  was  finally  accepted, 
largely   through   the   work   of   Kurd    [31].    Kistler    [32],  who 
invented   the   process    of    supercritical    (or  hypercritical) 
drying  to  produce  aerogels  around  the  same  time,   studied  the 
gel   structure   and  demonstrated  the   existence   of   the  solid 
skeleton  of  the  gel.  Meanwhile,  the  sol-gel  process  was  first 
applied    by     the     mineralogists     to     the     preparation  of 
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homogeneous  powder  for  the  use  in  their  phase  equilibria 
studies  [33,34]  and  later  introduced  in  the  ceramic  community 
by  R.  Roy  and  coworkers  [35-38]  for  the  preparation  of 
colloidal  gel  powders  with  very  high  levels  of  chemical 
homogeneity  of  the  oxides. 

Further  development  of  the  sol-gel  processing  was 
achieved  during  the  1950s  and  1960s.  Tier's  pioneering  work 
in  silica  chemistry  [39]  led  to  the  commercial  development  of 
colloidal  silica  powders,  Du  Font's  colloidal  Ludox® 
spheres.  Stober  et  al.  [40]  extended  Tier's  findings  to  show 
that  using  ammonia  as  a  catalyst  for  the  TEOS  hydrolysis 
reaction  could  control  both  the  morphology  and  size  of  the 
powders,  yielding  the  so-called  Stober  spherical  silica 
powder.  Much  more  sophisticated  work,  both  scientifically  and 
technologically,  was  conducted  in  the  nuclear-fuel  industry, 
but  it  was  not  published  until  later  [41,42]. 

The  ceramics  industry  began  to  show  interest  in  gels 
in  the  late  1950s  and  early  1970s.  The  sol-gel  method  was 
widely  used  to  synthesize  a  large  number  of  novel  ceramic 
oxide  compositions,  involving  Si,  Al,  Ti,  Zr,  etc.,  which 
could  not  be  made  using  traditional  ceramic  powder  methods 
[35-38] .  Controlled  hydrolysis  and  condensation  of  alkoxides 
for  preparation  of  multicomponent  glasses  were  independently 
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developed  by  Levene  and  Thomas  [43]  and  Dislich  et  al.  [30]. 
Both  glass  and  polycrystalline  ceramic  fibers,  including 
Ti02-Si02  and  Zr02-Si02  glass  fibers  [44],  high  purity  Si02 
waveguide  fibers  [45-47],  AI2O3,  Zr02,  Th02 ,  MgO,  Ti02/ 
ZrSi04  and  3AI2O3 -25102  fibers  [48-51],  have  been  prepared  by 
using  sol-gel  processing  on  a  commercial  basis  by  several 
companies  [52-54] .  Abrasive  grains  based  upon  sol-gel-derived 
alumina  are  important  commercial  products  [51]  .  A  variety  of 
coatings  and  films  have  also  been  developed  by  using  sol-gel 
methods  [12,55-57].  Of  particular  importance  are  the 
antiref lection  coatings  of  indium  tin  oxide  (ITO)  and  related 
compositions  applied  to  glass  window  panes  to  improve 
insulation  characteristics   [57-59] . 

During  the  past  decade  there  has  been  an  enormous 
growth  in  the  interest  in  the  sol-gel  process.  This  growth 
has  been  stimulated  by  the  following  factors.  On  the  basis  of 
Kistler's  early  work  [60],  several  teams  produced  very  low 
density  silica  monoliths,  called  aerogels,  using 
hypercritical  drying  [61].  Zarzycki  et  al .  [62,63] 
demonstrated  that  hypercritical  point  drying  of  silica  gels 
could  yield  large  fully  dense  silica  glass  monoliths.  Yoldas 
[64]  showed  that  large  monolithic  pieces  of  alumina  could  be 
made  by  sol-gel  methods.  Hench  et  al .  have  developed  two  new 
types  of  silica  optics  [7-9] .  These  demonstrations  of 
potentially  practical  routes  for  production  of  new  materials 
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with  unique  properties  coincided  with  the  growing  recognition 
that  powder  processing  of  materials  had  inherent  limitations 
in  homogeneity  due  to  difficulty  in  controlling 
agglomeration . 

In    addition,    a    series    of    international  conferences 
[65-71],     workshops     [72],     and    other    special  conferences 
[61,73]   on  sol-gel  processing  were  held  and  a  large  volume  of 
papers   and  books   were   published   during   the    same   period  of 
time    which    laid   down   a    solid    foundation    for    the  further 
development  of  sol-gel  processing. 


2.2     Aqueous  and  Alcohol  Gels 


Generally  speaking,    sol-gel  processing  can  be  divided 
into   two   main    categories    [74]  :     (a)    destabilizat ion    of  an 
inorganic  salt  containing  one  or  more  metal  ions   in  aqueous 
solutions  in  which  the  only  liquid  present  is  water,   and  (b) 
controlled    hydrolysis    and    polycondensat ion    of  alkoxide 
precursors    in   nonaqueous    solutions   which   contain  solvents 
other  than  or  in  addition  to  water.   Correspondingly,  silica 
gels  are  classified  into  two  groups    [75] :    (1)    aqueous  gels, 
usually  called  colloidal  gels,   and  (2)   alcohol  gels  depending 
upon  the  kind  of  the  precursors    (starting  compounds)   and  the 
method  from  which  they  are  produced. 
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The    typical    example    of    the    first    group    is  aqueous 
silica.    Nowadays,    aqueous    silica    gel,    such   as    Ludox®,  is 
manufactured   commercially   according   to   Patrick's  process, 
which   consists   essentially   of   gelation   of   an   alkali  metal 
silicate  by  means  of  acid  [76] . 

The  second  category  comprises  many  gels,  for  instance 
Gelsil®,  prepared  in  alcoholic  solution  through  hydrolysis 
and  polycondensation  reactions  of  a  metal  alkoxide,  which  is 
the  class  of  precursors  most  widely  used  in  sol-gel  research. 

The  particle  size  of  gels  of  both  groups  are  within 
the  range  of  colloids.  However,  the  gels  are  different  in 
nature . 

The  structures  of  alkoxide-derived  gels  prepared  in 
nonaqueous  solvents  (or  mixed  solvents)  are  unlike  the 
structures  of  aqueous  silicate  gels  described  by  Iler  [39] . 
In  an  aqueous  silica  gel  system  fully  hydrolyzed  monomers 
condense  in  such  a  manner  as  to  maximize  the  number  of 
siloxane  bonds  and  minimize  the  number  of  terminal  silanols 
[39] .  In  addition,  since  silica  exhibits  partial  solubility 
in  water  (increasing  at  elevated  temperature  and  increasing 
pH),  Ostwald  ripening  occurs,  further  biasing  growth  toward 
the  formation  of  fully  crosslinked  (anhydrous)  silica 
colloids . 
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In  contrast  to  aqueous  systems,  for  most  alkoxide 
syntheses  condensation  begins  before  hydrolysis  is  complete 
(as  evidenced  by  29si  nmr  and  NMR  [77]) .  Thus  in  all  but 
the  initial  stage,  condensation  reactions  occur  between 
oligomeric  species  which  cannot  easily  coalesce  to  a  fully 
crosslinked  state.  Furthermore,  the  possible  condensation 
sites  can  be  limited  by  reducing  the  extent  of  hydrolysis. 
Computer  simulations  show  that  this  results  in  highly 
ramified,  fractal  species  (i.e.,  wispy  structures  whose 
density  decreases  with  distance  from  the  center  of  mass) 
rather  than  dense  colloids   [78]  . 

Finally,  because  the  solubility  of  silica  in  alcohol 
is  much  less  than  in  water,  there  can  be  comparatively  little 
rearrangement  or  ripening  to  more  highly  compacted  states. 
Small-angle  X-ray  scattering  (SAXS)  experiments  [79]  confirm 
the  polymeric  structure  and  fractal  nature  of 
alkoxide-derived  gels  in  a  wide  range  of  compositions, 
whereas  Ludox  is  proven  to  consist  of  dense  colloids.  Due  to 
the  different  structure  of  the  particles,  sometimes  aqueous 
gels  are  also  called  particulate  gels  and  alcohol  gels  are 
called  polymeric  gels. 

The  surface  activities  of  aqueous  gels  and  alcohol 
gels  are  also  different.  The  nature  of  the  silica  gel  surface 
has  been  reviewed  by  numerous  authors  [39,  80-87] .  One  topic 
all  these  reviews  have  in  common  is  the  emphasis  on  surface 
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coverage  of  OH  groups,  presumably  because  surface  coverage 
largely  determines  the  adsorption  behavior  and  consequently 
the  surface  reactivity.  Surface  curvature,  which  depends  on 
the  gel  synthesis,  has  profound  effects  on  OH  coverage  and 
hydrogen  bonding  (Figure  2.1).  In  general,  particulate  gels 
characterized  by  a  small  positive  radius  of  curvature  surface 
(small  particles)  should  contain  less  hydrogen-bonded  silanol 
groups  on  the  surface  and  are  less  active  than  polymeric  gels 
that  are  microporous,  with  extremely  small  negative 
curvatures . 

It  is  now  well  established  that  the  shrinkage  behavior 
of  aqueous  gels  differs  markedly  from  that  of  metal  alkoxide 
gels  synthesized  in  alcoholic  solutions    [88] .   The  two  groups 
of    gels    also    have    different     densif ication  behaviors. 
Colloidal  gels   (composed  of  a  fully  crosslinked  skeleton)  are 
analogous  to  porous  glass.   Their  densif ication  behavior  can 
be  accurately  predicted  by  application  of  a  viscous  sintering 
model   [89-91] .  However,   the  densif ication  of  alkoxide-derived 
gels   cannot  be  described  on  the  basis   of  viscous  sintering 
alone.     The    metastable    nature    of    alkoxide-derived  gels 
dramatically  influences  both  the  densif ication  kinetics  and 
thermodynamics.      It     is     not     appropriate     to     view  the 
densif ication    of    colloidal    gels    (and   porous    glasses)  as 
representative  of  the  densif ication  of  alkoxide-derived  gels. 
Since   different   precursors    are    used,    a    certain   amount  of 
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Figure  2.1        Effect  of  surface  curvature  on  OH  coverage 
and  hydrogan  bonding  [93] . 

(A)  Small  positive  radius  of  curvature 
(small  paticles)   has  fewer  hydrogen  bonds. 

(B)  Large  radius  of  cuvature  (large 
particles  flat  surface)   allow  more 
hydrogen  bonds . 

(C)  Small  negative  radius  of  curvature 
(small  cylindrical  pores  or  necks)  has 
the  most  hydrogen  bonding. 


24 


alkali  ions,  which  may  or  may  not  be  desirable,  are  usually 
found  in  the  final  aqueous  gels.  Obviously,  certain 
properties  of  the  gel  result  from  the  presence  of  these  ions. 
For  example,  such  gels  have  a  strong  tendency  to  crystallize 
during  the  heat  treatment  necessary  for  densif icat ion . 
Optical  absorption  also  increases.  The  purity  of  the 
commercial  grade  of  alkoxides  is  much  higher  than  colloidal 
solutions  of  silica.  Consequently,  crystallization  of 
alkoxide-der ived  gels  is  rarely  observed  during 
densif ication . 

The  major  differences  between  aqueous  gels  and  alcohol 
gels  are  listed  in  Table  2.1. 

The  chemistry  and  physics  of  aqueous  silica  gel  has 
been  extensively  investigated  by  numerous  researchers  in  many 
different  ways  [39,84,92].  In  contrast,  though  the  sol-gel 
processing  for  producing  alcohol  gels  has  been  developed  for 
many  years,  the  technology  always  precedes  the  science,  the 
chemical  and  physical  principles  of  many  fundamental  aspects 
of  the  processing  still  lack  understanding   [12-15] . 

Our  work  will  show  in  the  following  chapters  that  the 
aging  behavior,  including  all  the  changes  in  texture  and 
other  properties,  and  the  aging  mechanism  of  these  two  groups 
of  sol-gel  materials  are  also  different  from  each  other. 

It  is  one  of  the  purposes  of  this  work,  as  mentioned 
earlier,    to   study   the   textural    and   physical    evolution  of 
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Table  2 , 1 
Major  differences 
between  aqueous  gels  and  alcohol  gels 


Aqueous  gels 

Alcohol  gels 

Precursor 

Inorganic  salts 

Organic  alkoxides 

Solvent 

Water 

Other  than  or  in 
addition  to  water 

Process 

Destabilizat ion 

Controlled  hydrolysis 
and  condensation 

Structure 

Particulate, 

established  by 

van  der  Waals  forces 

Polymeric, 
covalently  linked 

Applications 

catalysts,  adsorbents 
catalyst -carriers 
fillers 

selective  adsorbents 

high  performance 
optical  devices  and 
composites 
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alkoxide  derived  silica-gel  monoliths  as  the  process 
proceeds . 

From  now  on  the  term  "sol-gel  processing"  will  be  used 
to  refer  to  the  processing  of  alcohol-based  silica  gels  only, 
unless  a  special  notation  is  made. 

2.3  Processing  Steps  for  Making  Alcohol  Gel-Silica 

The  steps  of  the  processing  for  making  alcohol 
gel-silica,  such  as  Types  V  and  VI  gel-silica,  are 
schematically  illustrated  in  Figure  1.2. 

(1)  Mixing.  This  step  is  also  called  sol  preparation. 
A  silicon  alkoxide,  either  tetramethylorthosilicate  (TMOS)  or 
tetraethylorthosilicate    (TEOS) ,   which  are  popular  precursors 

(starting  material)  because  they  react  readily  with  water,  is 
mixed  with  water  and  undergoes  simultaneous  hydrolysis  and 
polycondensation  reactions  resulting  in  the  formation  of  Si02 

[92].  The  overall  reaction  consists  of  the  following  steps: 

Si (OR) 4  +nH20  ->   (HO) ^Si (OR) 4_n  +  nROH  (2.1) 

where  n  <  4,  R  represents  a  proton  or  other  ligand  (e.g.,  an 
alkyl)  ,  and  ROH  is  an  alcohol.  Hydrolysis  may  go  to 
completion  (n  =  4)  depending  upon  the  amount  of  water  and 
catalyst  present. 
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Si (OR) 4  +  4H2O  ->  Si (OH) 4  +  4R0H  (2.2) 

or  stop  while  the  silicon  is  only  partially  hydrolyzed 
(H0)nSi(0R)4_n   (n  <  4)  . 

Two  partially  hydrolyzed  molecules   can   link  together 
in  a  condensation  reaction,   such  as 

(0R)4_nSi(0H)n  +   (HO) ^Si (OR) 4_m  -> 

(OR)4_n(HO)n-iSi-0-Si(OH)n,_i(OR)4_ni  +  H2O  (2.3) 
where  m  <  4  also,  or 

(OR)  4_nSi  (OH)n  +    (HO)  ^Si  (OR)  4-^  ">  ■■ 
(OR)3_n(OH)nSi-0-Si(OH)ni_l(OR)4_m  +  ROH  (2.4) 

In  most  cases,  the  above  reactions  are  generally 
incomplete.  Consequently,  sufficient  Si-O-Si  bonds  are  formed 
in  a  region  and  respond  cooperatively  as  a  sol  in  which  the 
dispersed  phase  consists  of  polymeric  particles  with  diameter 
at  the  low  limit  of  the  colloidal  range  (<  1  nm)  [93].  The 
size  of  the  sol  particles  and  the  cross-linking  within  the 
particle  depend  upon  the  preparative  conditions  such  as 
temperature,  pH,  catalysts  and  the  R  ratio  (R  = 
[H20]/[Si(OR)4])    [94,  95]. 
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(2)  Casting.  Due  to  its  low  viscosity,  the  silica  sol 
can  be  cast  into  molds  which  have  required  characteristics 
[96],  such  as  appropriate  composition  to  avoid  adhesion  of 
the  gel  and  appropriate  thermal  properties  compatible  with 
the  processing  temperatures  and  so  on.  The  shape  of  the  gel, 
with  dimension  enlarged  to  allow  for  shrinkage  during  drying 
and  densif ication  [97],  and  the  surface  quality  of  the  gel 
will  be  determined  by  the  mold  for  casting.  It  has  been 
reported  that  the  sol-gel  processing  can  offer  the  advantage 
of  near  net  shape  casting  [98],  including  the  ability  to  form 
internal   cavities   using   a   lost-wax  process  [3]. 

(3)  Gelation.  Silica  gel  is  a  form  of  matter 
intermediate  between  a  solid  and  liquid  [99] .  It  consists  of 
a  continuous  solid,  silica  network,  and  a  fluid,  which  is  a 
mixture  of  alcohols  and  water,  with  the  interconnected  phases 
being  of  colloidal  dimensions  (within  1  |j.m)  .  It  is  this 
interconnected  three-dimensional  network  of  silica  particles 
that  gives  elasticity  of  the  gels.  The  gelation  point  or 
gelation  time,  tgg^,  is  defined  theoretically  as  the  point 
where  the  sol  can  support  a  stress  elastically.  It  can  be 
easy  to  observe  qualitatively  but  extremely  difficult  to 
measure  analytically.  The  gelation  point  or  gelation  time 
changes  significantly  with  the  sol-gel  chemistry 
[8,  9,  39,  100,  101]  . 
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According  to  Flory's  theory  of  gel  formation 
[102,103],  the  degree  of  polymerization  (DP)  obtainable  in  a 
system  can  be  described  by  the  following  equation: 

DP  =  l/(l-pf/2)  (2.5) 

where  p  is  the  percentage  of  reacted  monomers  as  a  fraction 
of  the  total  concentration  of  initial  monomers  which  are  the 
reaction  products  from  hydrolysis  reaction,  and  f  is  the 
number  of  polymerization  functional  groups.  For  a  completely 
hydrolyzed  silica  monomer.   Si (OH) 4,   f  equals  4. 

At  the  gelation  point  the  degree  of  polymerization 
(DP)  approaches  infinity,  therefore  the  term,  (l-pf/2) ,  must 
equal  zero.  In  the  case  of  f=4,  the  percentage  of  total 
concentration  of  monomer  going  into  gel  phase,  p,  must  equal 
50%.  As  mentioned  earlier,  in  most  cases  both  the  hydrolysis 
and  polycondensation  reactions  are  incomplete  in  the  alcohol 
gel-silica  system  so  that  p  is  usually  higher  than  50%  but 
never  reaches  100%  at  the  gelation  point. 

The  structure  of  gel-silica  is  assumed  to  be 
established  at  the  time  of  gelation.  Subsequent  processes 
such  as  aging,  drying,  stabilization  and  densif icat ion  all 
depend  upon  this  structure. 

(4)  Aging.  Aging  is  defined  as  the  structural 
evolutions  that  occur  with  time  after  gelation  and  prior  to 
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solvent  evaporation  and  involves  maintaining  the  cast  object 
for  a  period  of  time  completely  immersed  in  its  pore  liquid. 
It  has  been  reported  [93]  that  four  processes  can  occur, 
singly  or  simultaneously,  during  aging,  including 
continuation  of  polycondensat ion  reactions,  syneresis 
(spontaneous  shrinkage  of  the  gel  with  expulsion  of  solvent) , 
coarsening  (increase  in  pore  size  and  reduction  in  surface 
area  through  depolymerizat ion  and  repolymerizat ion) ,  and 
segregation  (phase  transformation  and  crystallization) .  The 
gel  structure  is  generally  reinforced  via  the  minimization  of 
surface  area.  A  properly  aged  gel  can  develop  sufficient 
strength  to  resist  cracking  during  drying. 

The  scientific  principles  of  aging  in  aqueous 
gel-silica  systems  which  have  been  investigated  for  a  long 
time  are  already  thoroughly  understood  [39]  (the  details  will 
be  reviewed  in  the  next  chapter)  .  However,  there  is 
relatively  little  detailed  knowledge  of  aging  mechanisms  and 
kinetics  and  even  less  quantitative  analysis  of  the  effects 
of  aging  on  structure  and  properties  of  alcohol  gel-silica 
systems,  although  extensive  efforts  have  recently  been  made 
to  use  this  system  to  make  optical  devices  [104,105]. 

(5)  Drying.  A  silica  gel  is  defined  as  "dried"  when 
the  physically  absorbed  water  is  completely  evacuated  and  no 
significant  weight  loss  is  observed  at  increased  temperature 
[4]  . 
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Depending  upon  different  drying  methods,  alcohol  gels 
can  be  further  classified  into  two  subgroups:  xerogels  and 
aerogels.  Drying  by  evaporation  under  ambient  atmosphere 
gives  rise  to  capillary  pressure  that  causes  shrinkage  of  the 
gel  network.  The  resulting  dried  gel  is  called  a  xerogel, 
which  is  often  reduced  in  volume  by  a  factor  of  5  to  10 
compared  to  the  original  wet  gel.  If  the  gel  is  placed  in  an 
autoclave  and  dried  under  supercritical  conditions,  by 
removing  the  liquid  from  the  pores  above  the  critical 
temperature  (T^-.)  and  critical  pressure  (Pq)  of  the  liquid, 
there  is  no  interface  between  liquid  and  vapor,  so  there  is 
no  capillary  pressure  and  relatively  little  shrinkage.  This 
process  is  called  supercritical  drying,  and  the  product  is 
called  an  aerogel;  it  contains  mostly  air  and  a  volume 
fraction  of  solid  as  low  as  -1%   [93] . 

Types  V  and  VI  gel-silica  are  xerogels.  During  drying, 
the  liquid  is  removed  from  the  interconnected  pore  network 
and  the  wet  gel  experiences  progressive  shrinkage  and 
hardening.  Since  stress  develops  not  only  from  differences  in 
expansion  coefficients  due  to  variable  water  content,  but 
also  from  the  action  of  capillary  forces  which  become 
operative  when  the  pores  start  to  empty  and  the  liquid-air 
interface  is  present  in  the  form  of  menisci  distributed  in 
the  pores  of  the  drying  gel,  this  step  is  considered  the  most 
critical    one    in   the   process.    A   monolithic    silica    gel,  of 
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which    the     smallest    dimension     is    greater    than    a  few 
millimeters,    can    only    be    dried    by    certain  precautions; 
otherwise   the   resulting   product    fractures    into   a  "powder" 
consisting  of  small  pieces  or  grains  of  various  sizes. 

The  dried  xerogel  gel-silica  is  porous  and  contains 
interconnected  and  open  micropores  (radius  <  20  A)  and 
macropores  (radius  >  2000  A)  [106]  .  Although  the  textural 
features  of  a  gel,  including  surface  area,  pore  size  and  its 
distribution,  may  differ  considerably  depending  on  processing 
method,  a  very  high  surface  area  (>400  m^/g)  remains  for  all 
xerogels  gels.  This  surface  is  completely  surrounded  by 
residual  hydroxyl  groups     [107] , 

Because  few  bridging  bonds  are  broken  and  reformed 
during  solvent  removal,  the  structure  of  resulting  porous 
xerogel  bears  some  relation  to  the  structure  at  the  gel 
point . 

The  drying  behavior  of  porous  materials  has  been 
extensively  studied  by  Sherwood  [108-110],  Keey  [111], 
Mujumdar  [112,113],  Moore  [114],  Whitaker  [115],  Cooper 
[116],  Ford  [117],  and  Scherer  [118-123].  Different  drying 
models  have  been  proposed  based  on  the  quantitative  studies 
conducted  on  large  pore  (>  20  nm)  gels  by  Kawaguchi  et  al. 
[124],  Dwivedi  [125],  and  Zarzicki  [126]  and  on  small  pore 
xerogels   (<  20  nm)  by  Wilson  and  Wilson  and  Hench  [127,128]. 
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Wilson  and  Bench's  [128]  work  is  the  most  relevant  to 
this  study  of  aging  of  gel-silica.  Their  results  show  that 
the  drying  behavior  of  acid-catalyzed  alkoxide  silica  gel  can 
also  be  described  in  terms  of  three  stages  which  are 
consistent  with  that  reported  by  other  researchers 
investigating  gel  based  systems  [125]  .  However,  the  drying 
rate  of  acid-catalyzed  alkoxide  gels  with  pores  <  20  nm 
during  stage  1  is  not  constant  but  in  fact  decreases 
substantially,  which  illustrates  the  importance  of  pore  size 
in  drying  behavior  of  gels . 

(6)  Stabilization.  The  large  concentration  of  silanols 
on  the  surface  of  the  pores,  as  just  described,  makes  the 
gel-silica  surface  very  active.  Thus,  after  drying  both 
thermal  and  chemical  stabilization  through  heating  are 
required  for  the  gel-silica  to  be  used  in  an  ambient 
environment.  Thermal  stabilization  involves  reducing  the 
surface  area  sufficient  to  enable  the  material  to  be  used  at 
a  given  temperature  without  reversible  structural  changes. 
Chemical  stabilization  involves  removing  the  concentration  of 
surface  silanols  below  a  critical  level  so  that  the  surface 
does  not  rehydroxylate  extensively  in  use  where  water  vapor 
is  present.  The  mechanisms  of  thermal  and  chemical 
stabilization  are  interrelated  because  of  the  extreme  effects 
that  surface  silanols  and  chemisorbed  water  have  on 
structural  changes. 
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It  is  well  known  that  gel-silica  remains  highly  porous 
throughout  a  temperature  range  that  is  substantially  higher 
than  that  required  to  produce  a  dried  gel.  This  range  extends 
up  to  1100°C  to  1250°C  depending  on  the  pore  radii  present 
[5].  By  heating  the  dried  gel-silica  above  a  certain 
temperature  (note  that  the  lowest  temperature  of  preparation 
of  Type  VI  gel-silica  is  600°C)  ,  stabilized  Type  VI  optically 
transparent  porous  gel-silica  is  obtained.  According  to  the 
stabilization  temperature  or  the  density  of  the  gel,  the 
stabilized  gels  can  be  divided  into  three  sub-classes:  Types 
VIA,  VIB  and  VIC  (Table  2.2)  [3],  which  can  be  selected  to  be 
used  as  unique  optical  components  when  impregnated  with 
optical  active  polymers  such  as  dyes,  fluors,  wavequide 
shifters  or  nonlinear  optical  polymers  [3,129]. 

(7)  Densif ication .  Heating  the  porous  gel  to  higher 
temperatures  causes  densif ication  to  occur.  At  1150°C,  with  a 
carbon  tetrachloride  treatment  prior  to  pore  closure  to 
eliminate  adsorbed  water,  the  material  no  longer  contains 
pores  and  has  a  surface  area  determined  only  by  its  external 
geometry.  Type  V  gel-silica  or  a  fully  dense  silica  glass  is 
finally  obtained.  Type  V  gel-silica  has  excellent  optical 
transmission  throughout  the  VV,  UV,  VIS,  NIR,  and  IR  [3]  . 
Physical  properties  and  structural  characteristics  of  Type  V 
gel-silica  are  generally  equivalent  or  superior  to  the  best 
grade  of  Types  I-IV  silica  glasses   [3] . 
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Table  2.2 
Characteristics  and  properties 
of  Type  VI  gel-silicas 


Types    Temperature    Bulk  Pore  Surface      Micro-  UV 

density        volume  area        hardness      cutoff (nm) 

(°C)  (g/cm3)         (cm3/g)  (m^/g)         (VHN)       (50%  trans.) 


VI  A      600-900  1.3-1.5      0.17-0.37     290-620       100-285  290-300 

VI  B      900-950  1.5-2.1      0.01-0.17     10-290         285-450  185-290 

VI  C      950-1150         2.1-2.2       0.00-0.01     0-10  450-680  165-185 


Source:  [3] 
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Densif ication  is  essentially  a  sintering  process.  The 
driving  force  for  this  process  arises  from  the  excess  surface 
free  energy  of  the  gel .  At  least  four  mechanisms  contribute 
to  this  process:  (1)  capillary  contraction,  (2) 
polycondensation,  (3)  structural  relaxation,  and  (4)  viscous 
sintering  [130,131].  Mechanisms  (1)  and  (2)  are  considered 
chemical  processes  which  dominate  at  low  and  intermediate 
temperatures.  Mechanisms  (3)  and  (4),  structural  relaxation 
and  viscous  sintering,  are  physical  processes  and  dominate  at 
high  temperatures   [132] . 

The  temperature  range  in  which  each  of  these 
mechanisms  is  dominant  depends  on  the  chemical  and 
microstructural  nature  of  the  gel  as  well  as  the  heating 
rate.  An  important  stage  is  reducing  or  eliminating  residual 
hydroxyl  groups,  termed  dehydration,  in  the  pores  during  the 
densif ication  process.  Although  OH  can  be  removed  through 
polycondensation  reactions,  viscous  sintering  often  starts 
before  dehydration  is  complete,  leading  to  bloating  or 
foaming  of  the  gel  in  the  final  stages  of  sintering.  Even  if 
sufficient  hydroxyl  content  is  removed  so  that  sintering  can 
occur  without  bloating,  a  subsequent  heating  of  the 
consolidated  gel  to  its  softening  point,  for  example,  during 
fiber  drawing  or  sealing,  may  cause  bloating. 

Thermal  dehydration  of  silica  gel  has  been  extensively 
investigated.    Hair     [85]    proved    that    OH    groups    are,  in 
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general,  gradually  lost  with  increasing  temperature,  but  some 
single  hydroxyl  groups  are  still  unable  to  escape  from  the 
surface  before  commencement  of  viscous  sintering.  Thus 
thermal  dehydration  is  often  not  sufficient  to  avoid  foaming 
in  silica  gels.  Consequently,  chemical  dehydration 
procedures,  primarily  employing  halogens,  have  been  widely 
investigated  [133].  An  optically  clear,  bubble-free,  and 
OH-free  silica  glass  prepared  by  employing  a  halogen 
treatment  followed  by  annealing  in  oxygen  and  sintering  in  He 
was  reported  by  Matsuyama  et  al.  [134].  The  chemical  and 
microst ructural  evolution  during  the  densif icat ion  of  dried 
gels  has  been  described  by  James  [135].  Hench  and  Wang 
describe  the  dehydration  steps  involved  in  making  Type  V 
gel-silica  optics   [136] . 


CHAPTER  III 
CONTROL  OF  THE  TEXTURE  OF  GEL-SILICA 

3.1  Introduction 

The  texture  of  porous  gel-silica  can  be  characterized 
mainly  by  the  specific  surface  area,  the  pore  volume,  and  the 
average  pore  radius . 

As  mentioned  in  the  previous  chapters,  there  are  two 
main  reactions  involved  in  the  sol-gel  processing:  hydrolysis 
and  polycondensation  which  are  not  separated  in  time  but 
take  place  simultaneously  [137]  .  It  has  been  believed  that 
the  texture  of  the  gel  is  determined  by  the  relative  rates  of 
these  two  reactions  [92].  So,  any  processing  variables,  such 
as  reaction  temperature,  nature  and  concentration  of 
catalysts  (acid,  base) ,  nature  of  the  solvent,  and  type  of 
alkoxide  precursor,  which  influences  the  rates  will 
consequently  influence  the  gel  texture  [93,138]. 

Controllable  texture  is  an  important  feature  of  sol-gel 
processing.  By  controlling  the  variables  in  different  steps 
of  the  processing  it  is  possible  to  change  and  control  the 
texture  of  gel-silica  for  various  specific  applications. 
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Optimizing  processing  to  produce  a  specific  and  highly 
reproducible  texture  is  essential  to  make  high  quality  Type 
VI  gel-silica  optical  matrices. 

3.2  Textural  Control  bv  Catalysts 

During  the  first  step  of  sol-gel  processing,  mixing, 
the  size  of  sol  particle  and  the  cross-linking  within  the 
particle  depends  upon  the  pH,  the  catalyst  and  the  R  ratio  (R 
=  [H2O]  /  [Si  (OR)  4  ]  )  .  The  texture  of  a  gel  may  change 
appreciably  with  the  preparative  conditions  [94,95].  For 
instance,  it  has  been  observed  [94]  that  under  high  pH  and 
high  water  content,  highly  branched  clusters  and  then 
textures  with  high  porosity  are  developed,  while  under  the 
conditions  of  low  pH  and  low  water  content,  linear  or  random 
branches  and  consequently  low  porosity  textures  are  formed. 

Hydrolysis  is  most  rapid  and  complete  when  catalysts 
are  employed  [139].  Aelion  et  al.  [140,141]  observed  that  the 
rate  and  extent  of  the  hydrolysis  reaction  was  most 
influenced  by  the  strength  and  concentration  of  the  acid  or 
base  catalyst .  Temperature  and  solvent  were  of  secondary 
importance.  They  found  that  all  strong  acids  behaved 
similarly,  whereas  weaker  acids  required  longer  reaction 
times  to  achieve  the  same  extent  of  reaction. 
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Figure  3.1  [142]  compares  the  hydrolysis  of  TEOS  and 
TMOS  under  acidic  and  basic  conditions,  which  tells  us  that 
the  rate  of  hydrolysis  is  very  fast  in  sol-gel  processing, 
especially  when  TMOS  is  used  as  precursor.  Figure  3.1  shows 
that  the  hydrolysis  reaction  is  complete  within  500  seconds 
using  HCl  as  catalyst  even  in  a  low  R  ratio  solution.  It  has 
been  well  established  that  the  presence  of  H3O"'"  in  the 
solution  increases  the  rate  of  the  hydrolysis  reaction, 
whereas  0H~  ions  increase  the  condensation  reaction   [143]  . 

In  currently  produced  Type  VI  gel-silica,  HNO3  is  used 
as  catalyst.  By  replacing  part  of  HNO3  with  hydrofluoric  acid 
(HF)  as  catalyst,  the  following  results  have  been  reported 
[96,  144]  : 

1.  A  very  small  amount  of  hydrofluoric  acid  was  found 
to  increase  the  average  pore  radius  as  well  as  the  total  pore 
volume  dramatically.  A  specific  pore  radius  of  32  A,  46  A,  62 
A,  79  A  and  88  A  could  be  reproducibly  generated  by  using  a 
specific  concentration  of  HF  as  a  catalyst, 

2.  With  increasing  addition  of  HF,  thermal  stability  of 
the  gel  generally  increases  due  to  the  decrease  of  chemical 
potential  of  the  surface. 

3.  Pore  radius  has  very  little  effect  on  the  optical 
properties  of  Type  VI  silica.  Increasing  pore  radius  causes  a 
moderate  shift  of  the  UV  cutoff  to  higher  wavelengths. 
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Figure  3.1 


Hydrolysis  rate  of   (a)   TEOS  with  HCl 
catalysis   (b)   TMOS  with  HCl  catalysis 
and  (c)   TMOS  with  NH3  catalysis  [142]  . 
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The  mechanism  of  HF  affecting  the  texture  of  gel-silica 
has  not  been  well  investigated.  Pope  and  Mackenzie  [95] 
showed  that  F~,  the  most  notable  conjugate  base,  has  an 
effect  on  the  gel  time.  Corriu  et  al .  [145]  believe  that  F~ 
is  about  the  same  size  as  0H~  and  has  the  ability  to  increase 
the  coordination  of  silicon  above  four,  for  example  in 
R3SiF2~.  Many  of  the  properties  of  HF-catalyzed  gels  are 
similar  to  those  of  base-catalyzed  gels,  which  suggests  that 
the  roles  of  0H~  and  F~  are  similar.  Andrianov  [146]  proposes 
that  the  catalytic  effect  of  F~  involves  the  displacement  of 
an  OR"  via  a  bimolecular  nucleophilic  (3^2-31)  mechanism  in 
which  the  nucleophile,  F",  attacks  Si  followed  by 
preferential  hydrolysis  of  the  3i-F  bond.  However  Corriu  and 
coworkers  [147]  have  shown  that  the  first  step  is  fast 
reversible  formation  of  a  pentavalent  intermediate  that 
stretches  and  weakens  the  surrounding  Si-OR  bonds.  The 
subsequent  rate-determining  step  is  the  nucleophilic  attack 
of  water  on  the  hypervalent  silicon  leading  to  nucleophilic 
substitution  by  proton  transfer  and  elimination  of  ROH. 

The  main  problem  of  controlling  the  texture  of  a  gel 
using  HF  as  a  catalyst  during  the  mixing  stage  mentioned 
above  is  apparent.  The  hydrofluoric  acid  is  very  corrosive 
and  hazardous  so  that  specific  precautions  must  be  taken  not 
only  for  operating  personnel  but  also  for  processing 
equipment . 
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In  addition,  all  parameters  of  the  processing  steps  may 
have  to  be  adjusted  or  completely  changed  when  HF  is  added. 
For  instance,  the  sharp  decrease  in  gelation  time  with 
increasing  HF  concentration  usually  introduces  problems  in 
controlling  subsequent  steps  and  makes  the  preparation  of  a 
uniform  gel  very  difficult.  The  drying  schedule  for 
HF-catalyzed  gel-silica  has  to  be  adjusted  to  be  longer  than 
130  hours  [144]  while  almost  twice  as  long  the  normal 
schedule  used  for  xerogel  optics.  Any  other  methods  to 
increase  the  porosity  of  the  gels  during  the  mixing 
sol-formation  step,  such  as  increasing  pH,  or  using  a  base  as 
catalyst,   will  cause  similar  problems. 


3.3.   Textural   rnntrol   by  Dens i f icat i on 


It  is  a  well  established  fact  that  gel-silica  remains 
highly  porous  at  temperatures  significantly  higher  than  those 
required  to  produce  a  dried  rigid  gel  [148]  .  Even  after 
heating  to  much  higher  temperatures,  extensive  porosity 
remains.  This  gives  an  opportunity  for  control  of  the  texture 
of  the  gels  during  the  last  step  of  the 
processing— densification.  It  is  interesting  to  note  that 
subsequent  heat  treatments  of  the  rigid  gel  do  not  change  the 
average  pore  size  profoundly  as  long  as  the  heating  is  below 
a  certain  temperature    (<1000°C)     (Figure   3.2).    However,  heat 
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Figure  3.2        Variation  of  the  average  pore  radius 
of  12  A  gel-silica  samples  as  a 
function  of  densif ication  temperature 
[96]  . 
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treatments  do  change  the  volume  fraction  of  porosity  and  the 
surface  area  (Figure  3.3).  Types  VIA,  VIB  and  VIC  gel-silica 
with  controllable  texture  and  surface  chemistry  are  now 
routinely  produced  using  this  method. 

Unfortunately,  the  texture  of  the  gel-silicas  changes 
only  in  one  direction  during  densif icat ion .  The  average  pore 
radius  and  total  pore  volume  always  decrease  with  increasing 
processing  temperature.  The  process  is  irreversible.  For 
currently  produced  regular  Type  VI  gel-silica,  the 
controllable  range  of  the  texture  is  relatively  narrow  due  to 
its  initial  texture,  e.g.,  the  range  of  average  pore  radius 
is  only  from  12  A  to  zero  as  shown  in  Table  2.2,  which 
imposes  a  strict  limitation  on  the  application  of  the  method. 

A  brief  description  about  densif icat ion  mechanisms  has 
already    been    made    in    Chapter    II.     Vasconcelos     [96]  and 
Vasconcelos   et   al.    [149]    have   attempted  to   understand  the 
textural    evolution    of    the    gel-glass    transition  using 
topological   concepts.    It  has  been  shown  that   application  of 
topological  modeling  to  the  densif ication  of  sol-gel  derived 
nanometer    scale    structures    reveals    the    same   principles  as 
determined     for     the     sintering    of     larger     scale  powder 
structures.   The  topological  evolution  of  the  texture  can  be 
related    to    physical    properties    and    presents  potentially 
useful  information  which  is  complementary  to  the  traditional 
metric  parameters. 
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Figure  3.3        Variation  of  the  surface  area  of  pores 
per  unit  volume   (Sv)   and  the  volume 
fraction  of  pores   (Vv)   of  12  A 
gel-silica  samples  as  a  function  of 
densif ication  temperature   [96] . 
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3.4  Textural  Control  by  Aging 
3.4.1  Introduction 

The  gel  texture  can  also  be  controlled  in  the 
intermediate  steps  of  the  processing,  such  as  aging  and  even 
drying . 

Besides  using  the  so  called  hypercritical  drying  method 
mentioned  in  Chapter  II,  the  texture  of  acid  catalyzed 
alcohol  silica  gels  can  be  altered  using  a  special  designed 
drying  chamber  [127].  Samples  of  slightly  larger  pore  size 
and  larger  initial  (dried)  volume  fraction  than  those  made 
using  Teflon®  containers  were  obtained.  The  internal  volume 
of  the  drying  container  and  the  total  external  surface  area 
of  the  gels  inside  the  drying  chamber  seem  to  affect  the 
drying  process.  This  effect  may  be  associated  with  changes  in 
the  equilibrium  vapor  pressure  of  the  chemical  components  of 
the  gel  inside  the  drying  container. 

As  a  part  of  our  work,  the  results  presented  in  Chapter 
V  will  show  that  the  atmosphere  in  the  drying  chamber  was 
found  for  the  first  time  have  a  drastic  effect  on  the  gel 
texture . 

Aging  plays  an  important  role  in  sol-gel  processing. 
Using  aging  treatments  to  increase  the  strength  of  the  gel 
has    been    listed    as    one    of    the    effective    ways    to  avoid 
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cracking  of  the  gel  during  drying.  However,   for  a  long  period 
of    time,    aging    has    not    been    considered    as    important  in 
controlling    gel    texture    as    the    other    early    steps    of  the 
processing.   The  initial  principal  objective  of  our  work  also 
was  not  to  control  the  texture  of  the  gels  by  aging.  Instead, 
the  original  purpose  was  to  achieve  an  understanding  of  the 
aging  process  of  alcohol-derived  gel-silica  in  order  to  make 
the  production  of  dried  gel-silicas  more  rapid  and  reliable. 
However,    the    preliminary    results    of    the    research  quickly 
proved  that  not  only  the  strength  but  also  the  texture  of  the 
alcohol   gel-silica   can  be   changed  as   well   as   controlled  by 
aging   parameters    in   which   the   nature    of   the   aging  medium 
plays    the    most    important    role.    Consequently,     our  focus 
started   to    shift    to   the   present    topic   of    controlling  gel 
texture  by  means  of  aging  treatments. 


3.4.2  Aging  Concepts 


The  aging  stage  begins  from  the  time  of  the  gel  point, 
at  which  the  viscosity  becomes  infinite  and  the  meniscus  of  a 
sol  in  a  container  no  longer  remains  horizontal  when  the 
container  is  tilted,  and  lasts  as  long  as  the  gel  is  still 
kept  in  the  liquid. 

Previously,   most  people  believed  that  the  texture  of  a 
gel   is  established  at  the  time  of  gelation  with  subsequent 
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processing  steps  such  as  aging,  drying,  stabilization,  and 
densif ication  all  closely  dependent  upon  the  initial  texture 
that  formed  at  the  gelation  point   [39] . 

Brinker  et  al.  [94]  argued  that  the  rapid  increase  in 
viscosity  which  accompanies  gelation  essentially  freezes  in  a 
particular  polymer  structure  at  the  gel  point.  At  this  point 
gelation  may  be  considered  a  rapid  solidification  process. 
This  "frozen  in"  structure  may  change  appreciably  with  time, 
depending  on  the  temperature,  solvent  and  pH  conditions  or 
upon  removal  of  solvent . 

Scherer  [118]  further  pointed  out  that  the  chemical 
evolution  of  the  system  is  essentially  unaffected  by 
gelation.  The  composition,  the  structure,  and  the  properties 
of  the  gel  continue  to  change  with  time  during  aging.  The 
subsequent  drying  of  the  gel  is  strongly  influenced  by  the 
structure  developed  during  aging. 

Obviously,  the  gel  point  does  not  indicate  completion 
of  the  formation  of  the  gel  structure. 

3.4.3  Changes  during  Aging 

A  wide   variety   of   chemical   and  physical    changes  can 
occur  after  gelation.    This   is  true  even  when  evaporation  is 
prevented.      There     are     four     major     changes  possible: 
condensation     (chemical    compositional    change),  syneresis 
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(physical  dimensional  change) ,  coarsening  (textual  change) 
and  a  change  of  physical  properties  of  the  gel  during  aging. 

3.4.3.1  Condensation 

Usually,    the  chemical  hydrolysis   reaction  is   fast;  it 
is  completed  in  the  early  stage  of  sol  preparation  especially 
when  the   sol   is  acid  catalyzed.    For  gel-silicas  synthesized 
in  alcoholic  solutions  i.e.  made  by  controlled  hydrolysis  and 
condensation    of    alkoxides,    it    has    been    shown    by  nuclear 
magnetic  resonance    (NMR)    [150]  and  Raman  spectroscopy  [151] 
that    the    number    of    bridging    bonds    increases    long  after 
gelation.    The    condensation    reaction    continues    to  occur, 
because  of  the  large  concentration  of  silanol    (Si-OH)  groups. 
The   result    is   a   change    in   composition    (loss   of  hydroxyls) 
accompanied  by  an  increase  in  connectivity  of  the  gel  network 
resulting    in   a    decrease    in    flexibility   as    new   bonds  are 
formed . 

Since  the  chemical  reaction  is  faster  at  higher 
temperature,  aging  can  be  accelerated  by  a  hydrothermal 
treatment.  That  means  the  temperature  can  affect  the 
condensation  reaction  and  then  affect  the  aging  process. 
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3.4.3.2  Svneresis 

The  spontaneous  shrinkage  of  the  gel  and  the  resulting 
expulsion  of  liquid  from  the  pores  is  called  syneresis    [152]  . 
Syneresis  in  an  alcohol  gel  system  is  generally  attributed  to 
formation  of  new  bonds  through  condensation  reactions.  As  the 
condensation    reaction    proceeds,    the    increase    in  bridging 
bonds  causes  contraction  of  the  gel  network.    In  aqueous  gel 
systems   or  particulate  gels,    the   structure   is   controlled  by 
the   balance   between   electrostatic   repulsion   and  attractive 
van  der  Waals   forces.   Therefore,    the  extent  of  shrinkage  is 
controlled    by    additions    of    electrolyte.     Vysotskii  and 
colleagues    [153,154]  have  shown  that  the  rate  of  contraction 
of    silica    gel    during    syneresis    has    a    minimum    at  the 
isoelectric  point    (lEP)  .   For  pure  silica  this  point   is  at  a 
pH  of  2  at  which  the  silicate  species  are  uncharged. 

It  has  also  been  suggested  by  Scherer  [119]  that 
contraction  of  a  gel  is  driven  by  the  tendency  to  reduce  the 
huge  solid/liquid  interfacial  area  of  the  gel.  This  might  be 
accomplished  by  flexure  of  the  solid  phase  thereby  bringing 
surfaces  into  contact,  in  which  case  it  would  be 
indistinguishable  from  the  reaction  driven  mechanism.  That 
means  the  chemical  potential  of  the  gel  is  reduced  by  both 
chemical  reactions  (since  a  condensation  reaction  is 
exothermic)    and   the    reduction    in    solid/liquid  interfacial 
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area.  But  the  latter  suggestion  is  not  supported  by 
experimental  results   [119]  . 

It  has  been  shown  that  the  syneresis  contraction  rate 
increases  with  concentration  of  silica  in  the  sol    [155]  and 
with  the  temperature    [156]  .    The   rate  of  syneresis  decreases 
with  time.  This  could  result  from  the  increasing  stiffness  of 
the  network  as  more  bridging  bonds  are   formed.   Ponomareva  et 
al .    [156]  found  that  the  total  syneresis  strain  is  greater  at 
lower  temperatures,   although  the  contraction  rate  is  slower. 
They    argued    that    at    higher    temperature    the  condensation 
reaction    is    faster,    so    the    gel    becomes    stiff    faster  and 
shrinkage   is  prevented.    If  this   is   so,    it   implies   that  the 
shrinkage  is  not  proportional  to  the  scale  of  reaction.  They 
conclude  each  bond  does  not  cause  a  certain  amount  of  strain. 
The  other  factor  that  may  affect  the  rate  of  contraction  is 
the   permeability   of   the   gel   to   the    flow   of   liquid   in  the 
pores . 

3.4.3.3  Coarsen  1 ng 

Another  process,  called  coarsening  or  "Ostwald 
ripening"  is  discussed  at  length  in  the  excellent  book  by 
Iler  [39]  .  Since  convex  surfaces  are  more  soluble  than 
concave  surfaces,  if  a  gel  is  immersed  in  a  liquid  in  which 
it   is   soluble,    dissolved  material   will   tend  to  precipitate 
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into  regions  of  negative  curvature.  That  means  that  necks 
between  particles  will  grow  (Figure  3.4)  and  small  pores  may 
be  filled  in,  resulting  in  an  increasing  in  the  average  pore 
size  of  the  gel,   and  a  decrease  in  the  specific  surface  area. 

Thus,  the  study  of  aging  mechanism  and  kinetics  of 
silica  gel,  the  textural  changes  (i.e.  surface  area,  total 
pore  volume  and  average  pore  sizes)   are  of  great  importance. 

Iler  [39]  provides  a  number  of  references  concerning 
the  change  in  the  texture  of  a  gel  during  aging.  The 
reduction  in  surface  area  is  produced  by  dissolution  and 
reprecipitation.  The  large  pore  size  and  high  pore  volume 
result  because  the  stiffer  gel  produced  by  aging  does  not 
shrink  as  much  under  the  influence  of  capillary  pressure. 

3.4.3.4  Proner1-iP.q 

During  aging,  there  are  changes  in  most  physical 
properties  of  the  gel.  With  respect  to  drying  behavior,  it  is 
the  change  in  mechanical  properties  during  aging  that  is  most 
important.  Inorganic  gels  are  viscoelastic  materials 
responding  to  a  load  with  an  instantaneous  elastic  strain  and 
a  continuous  viscous  deformation.  As  condensation  reactions 
create  additional  bridging  bonds,  the  stiffness  of  the  gel 
network  increases,  so  the  elastic  modulus  and  viscosity  both 
rise    [157].  Similar   data   were   obtained  by  Pardenek,    et   al . 
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Net  transport 


Figure  3.4      Definition  of  positive  and  negative  radii 
of  curvature. 

The  radius  of  the  neck,rn   ,   is  negative 
because  the  center  of  curvature  is  outside 
phase;  the  redius  of  the  particle;i:p     ,  is 
positive . 

Materal  tends  to  dissolve  from  surfaces  with 
positive  curvature  and  deposit  in  regions 
with  negative  curvature.  The  growing  neck 
(shaded)   strengthens  the  gel  [93]. 
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[158]  for  polymeric  gels  as  well  as  particulate  or  colloidal 
gels  made  from  fused  silica.  Dumas,  et  al .  [159]  followed  the 
shear  modulus  for  9  months  in  gels  made  from  TEOS  and  found 
that  the  modulus  continued  to  increase.  The  strength  of  the 
gel  also  increase  with  aging.  For  that  reason,  it  is  advised 
to  age  gels  before  drying  to  reduce  the  chance  of  cracking. 
The  great  stiffness  of  the  aged  gel  reduces  the  shrinkages 
during  drying  as  mentioned  before,  especially  if  the  aging 
treatment  is  performed  under  hydrothermal  conditions. 

The  effect  of  temperature  and  time  during  aging  of 
silica  gels  made  from  TMOS  have  been  evaluated  [160]  . 
Improvement  in  the  physical  properties  of  the  wet  gel  have 
shown  to  be  well  correlated  to  their  aging  temperature  and 
time.  The  modulus  of  rupture,  MOR,  of  the  gel  aged  at  105  °C 
for  40  days  is  about  400  Pa. 

During   aging,    separation   may   occur   into   mixtures  of 
solid-liquid,     liquid-liquid,    or    solid-solid    phases.  Such 
phase    separation    can    also    affect    physical  properties. 
However,    there  is  no  data  to  describe  the  magnitude  of  this 
variable . 
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3.4.4  Aging  Parameters  which  Affect  the  Texture 

It  has  been  found  that  time,  temperature  and  pH  are 
principal  parameters  which  can  effectively  alter  the  texture 
of  aqueous  gels  during  aging. 

Iler  [39]  recognized  that  once  the  aqueous  gel 
structure  has  been  formed  it  can  be  further  modified  in  the 
wet  state  by  treatment  to  (a)  strengthen  the  structure 
without  greatly  affecting  the  pore  structure  (sometimes 
referred  to  as  gel  reinforcement)  or  (b)  enlarge  the  pore 
size  and  reduce  the  surface  area  by  a  process  of  dissolution 
and  redeposition  of  silica,   coarsening  the  gel  texture. 

Reinforcement  is  most  commonly  carried  out  without  much 
change  of  the  colloidal  gel  structure  by  heat-aging  the  wet 
gel.    When    it    is    carried    further    in    the    aging    process  a 
coarsened     structure  develops.   Depending  on  the  character  of 
the   initial  gel  and  the  temperature,    time,    and  pH  of  aging, 
the  gel  structure  can  go  through  the  stages  described  by  Iler 
[39].  Sheinfain  et  al.[161]   recognized  the  first  two  distinct 
stages  in  the  heat-aging  process.   The  more  extensive  the  wet 
aging,    the  subsequently  dried  gel  shrinks  less  and  the  pore 
volume   and  diameter   are   greater,    but   there    is   very  little 
change    in    surface    area.    Secondly,    upon    further    aging  the 
surface  area  begins  to  decrease  while  the  pore  size  continues 
to  increase.   However,   there  is  then  little  further  change  in 
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pore  volume.  The  first  stage  involves  only  an  increased 
coalescence  or  bonding  between  the  ultimate  particles  which 
strengthens  the  gel  so  that  it  shrinks  less  upon  drying. 

Heating  the  aqueous  gel  in  water  until  the  specific 
surface  area  has  been  reduced  by  10-50%  can  strengthen  the 
weak  gel  structure.  Heating  the  gel  in  water  at  80-100°C 
generally  brings  about  reinforcement  but  does  not  modify  the 
pore  structure.  It  is  interesting  that  at  80°C  there  was  no 
effect  unless  the  gel  had  a  surface  area  greater  than  200 
m^/g . 

Prolonged  aging  of  colloidal  silica  gel  with  an  initial 
surface    area    of    920    m2/g,     in    water    at    pH    6.8    at  room 
temperature,    was   carried  out  by  Sheifain,    Stas,    and  Neimark 
[162]  .    The   surface  area  dropped  from  725  to   420  m2/g  while 
the    pore    radius    increased    from    9    to    43    A.    However,  the 
porosity    also    increased    from    0.31    to    0.90    cm^/g.  The 
structure  was  thus  strengthened  so  that  shrinkage  upon  drying 
was  reduced.   The  reinforcement  was  most  striking  when  samples 
were  first  washed  with  acetic  acid  and  then  dried.   Since  the 
surface    tension    of   acetic   acid    is    only   one-third   that  of 
water,    the   reinforced  gel  had  a  much  higher  pore   volume  of 
2.36  cm3/g,   which  is  quite  a  low  density  gel. 

The  rate  of  coarsening  of  colloidal  silica  increases 
with  temperature  and  pressure.  Heat  aging  in  water  above 
100°C  under  pressure  in  an  autoclave  brings  about  far  greater 
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structural  changes  than  can  be  obtained  at  100°C.  Van  der 
Grift  et  al.  [163]  prepared  silica  gels  by  neutralization  of 
alkali  silicate  solutions  and  aged  them  in  an  autoclave  in 
water  at  various  temperatures.  When  the  temperature  is  above 
the  boiling  point  of  water,  the  sample  is  exposed  to  steam  at 
high  pressure,  and  the  process  is  called  hydrothermal  aging. 
Obviously  the  aging  temperature  and  the  time  affect  both  neck 
formation  and  condensation. 

The  pH  plays  a  very  important  role  during  aging  in  an 
aqueous  gel-silica  system.  The  rapidity  of  change  increases 
with  pH  and  the  process  is  governed  by  the  factors  that 
influence  the  rate  of  deposition  and  dissolution  of  silica. 

It  must  be  understood  that  the  simple  step  of  washing 
the  pore  liquor  out  of  a  aqueous  gel  is  also  an  "aging"  step 
and  the  pH  of  the  wash  water  is  critical  in  the  case  of  gels 
made  from  acids  and  silicate  solutions.  The  final  properties 
of  such  gels  depend  on  both  pH  at  which  the  gel  was  formed 
and  the  pH  in  which  it  was  washed   (aged)  before  drying. 

Okkerse,  et  al .  [164]  heated  a  series  of  aqueous  silica 
gels  for  1-4  days  at  80°C  in  water,  acid,  and  potassium 
chloride  solutions  and  found  that  if  the  gel  had  a  specific 
surface  area  greater  than  about  200  m2/g,  then  it  underwent  a 
decrease  in  surface  area.  There  was  little  effect  at  pH  2, 
but  in  neutral  or  alkaline  solution,  especially  in  the 
presence  of  salt,   the  gel  texture  was  markedly  coarsened.  For 
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example,  surface  area  decreased  from  752  to  452  m^/g  while 
pore  radius  increased  from  13  to  22  A  but  the  pore  volume 
remained  at  0.5  cm^/g. 

Soaking  a  colloidal  silica  gel  in  dilute  ammonium 
hydroxide  solution  at  50-85°C  resulted  in  drastic  coarsening 
of  the  gel  texture.  Girgis  [165]  reported  that  even  soaking 
gel  at  pH  10-11  for  1  day  at  20°C  caused  the  surface  area  to 
drop  from  650  to  4  67  m^/g  with  corresponding  increase  in  pore 
radius . 

In  the  aqueous  gel-silica  system,  the  effect  of  ammonia 
concentration  on  the  rate  of  decrease  in  surface  area  (430  to 
126  m2/g  )  and  increase  in  pore  diameter  (85  to  397  A)  has 
been  disclosed  by  Jenkins  and  Schwartz  [166] .  Similar  effects 
of  pH,  salts,  acids  and  alkalis  on  the  aging  process  have 
been  reported  by  a  number  of  investigators. 

It  might  be  thought  that  since  silica  does  not  dissolve 
at  low  pH,  acids  would  have  no  effect  on  wet  aging  other  than 
to  adjust  pH.  However,  Sheifain,  et  al.  [39]  found  that 
treating  the  aqueous  gel-silica  with  strong  acids,  HCl,  HNO3, 
or  concentrated  H2SO4  before  drying,  increases  the  pore  volume 
of  the  dried  gel  without  lowering  the  surface  area.  This  can 
only  be  because  the  acid  promotes  coalescence  between 
particles  without  particle  growth  and  coarsening  of  the 
texture.  On  the  other  hand,  8  N  H2SO4  caused  a  drop  in  area 
from  700  to  300  m2/g  and  at  the  same  time  increased  the  pore 
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volume.  The  difference  may  be  that  silica  is  actually  more 
soluble  in  8  N  H2SO4  than  in  the  other  acids.  The  observed 
difference  is  only  a  matter  of  the  degree  of  modification  of 
gel  structure.  In  any  case,  strong  acids  (pH  below  2)  promote 
heat-aging  of  silica  gel,  but  unlike  alkali  as  a  promoter, 
cannot  dissolve  the  gel  if  added  in  excess. 

It  is  seen  that  aging  and  thermal  treatments  result  in 
a  one-way  process  in  aqueous  gel-silica  system:  loss  of 
specific  surface  area  and  increase  in  pore  size.  The  pore 
size  can  be  enlarged  also  by  dissolving  away  some  of  the 
silica.  Neimark  et  al .  [167]  reported  that  treating  a 
colloidal  silica  gel  with  0.5  N  KOH  or  dilute  HF  can  enlarge 
pores  from  7  to  37  A.  If  silica  were  dissolved  away  evenly 
from  all  the  surface,  there  should  be  an  increase  in  specific 
surface.  However,  it  is  probably  that  regions  of  lower  radius 
of  curvature  will  dissolve  more  rapidly  so  that  the  specific 
area  may  actually  decrease. 

Unfortunately,  almost  all  the  work  on  aging  cited  in 
this  section  were  focused  on  the  aqueous  gel  systems.  For 
alcohol  gel  systems,  the  aging  stage  has  been  considered  only 
as  an  auxiliary  stage  of  processing.  The  main  application  of 
aging  was  confined  to  increasing  the  mechanical  strength 
(some  examples  have  already  been  mentioned  in  the  preceding 
section)  and  avoiding  cracking  of  the  gel  during  drying. 
Other  than  a  few  small  studies   [168],   aging  has  not  been  used 
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for  controlling  the  texture  of  monolithic  gel-silica.  It 
should  emphasized  here  that  until  now  the  aging  of 
alcohol-based  gels  has  not  been  attracted  proper  attention. 
Consequently  a  molecular  level  of  understanding  of  the  aging 
process  is  still  lacking  and  the  mechanism  and  effects  of 
aging  kinetics  of  alcohol-based  gel-silica  monoliths  are  not 
well  understood. 

Our  work  discovered  that  the  aging  treatment  provides 
more  flexibility  to  control  the  texture  of  gel-silica  than 
other  methods  previously  described.  By  changing  aging 
parameters  only  and  keeping  other  parameters  almost  constant, 
a  wide  range  of  gel  textures  can  be  obtained.  Ammonium 
hydroxide,  the  aging  medium,  used  in  our  work,  is  a  weak 
alkali  which  is  much  less  corrosive  and  hazardous  than  HF 
mentioned  above  and  also  it  will  not  introduce  any  harmful 
impurities  to  the  gel  system. 


CHAPTER  IV 

AGING  TREATMENT  OF  ALCOHOL  GEL-SILICA  MONOLITHS 
4.1  Experimental  Procedures 
4.1.1  Gel  Preparation 

Figure  4.1  is  the  flowchart  of  the  experiments 
specifically  designed  to  prepare  alcohol-based  xerogel  silica 
monoliths  in  this  study. 

The  regular  recipe   (Table  4.1)   of  acid  catalyzed  silica 
gel    {R  ratio  =  16,   pH  =  1) ,    which  is  routine  for  production 
of  Type  V  and  Type  VI  gel-silica,   has  been  used.    In  order  to 
form  highly  homogeneous  gel  monoliths  the  following  specific 
procedures   have  been  used.    At   first,    water  and  nitric  acid 
were   mixed   in   a   beaker   and   covered.    A   specific   amount  of 
TMOS,    which   has    a    higher    solid    yield    and   higher    rate  of 
hydrolysis    than    TEOS,    was    gradually    added    to    the  above 
mixture.  During  the  whole  mixing  reaction  a  magnetic  stirring 
bar  at  moderate   speed  was   applied.   After  half  an  hour,  the 
stirring  was   stopped  and  the   solution   was   kept   quiet   for  a 
period  of  time  until  no  bubbles  could  be  seen.    The  solution 
was   then    filtered   and   cast    into   plastic   containers.  After 
being  tightly  sealed,    the   containers   were     placed  into  the 
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Figure  4.1        Flowchart  of  experiments  A,  B  and  C. 
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Table  4.1 
Recipe  of  gel-silica  samples 


Volume 


(ml) 


Molecular 
weight 

(g) 


Specific 
density 
(g/cm3) 


Weight 

(g) 


D.I.  Water 
TMOS 

HNO3 (70%) 


664 .47 
327 . 17 
8.36 


18 .015 
152 .220 
63 .012 


1.000 
1 .052 
1.420 


664 . 47 
344  .28 
11.87 


Total 


1000.00 


1.021 


1020.62 
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oven  at  40°C  for  48  hours  which  proved  sufficient  for 
gelation  to  complete.  After  gelation,  three  different 
experiments.  A,   B  and  C,  were  conducted. 

4.1.2  Aging  Treatment 

In  experiment  A,  the  gel-silica  samples  were  kept  in 
the  same  container  and  placed  into  an  oven  for  aging  at 
various  temperatures  (5,  25,  45,  60,  and  80°C)  for  different 
periods  of  time  (from  1  day  to  more  than  60  days) 
respectively  (Figure  4.2).  While  in  experiment  B,  before  the 
gel  samples  being  taken  out  for  further  treatment,  a 
so-called  "preaging"  stage  was  required,  otherwise  the  wet 
gel-silica  would  be  too  weak  to  be  handled  in  the  following 
step.  After  preaging  in  the  pore  liquor  at  60°C  for  another 
24-48  hours,  the  gel-silica  samples  were  cooled  down  to  room 
temperature  (Figure  4.3)  and  transferred  into  the  TEF 
containers  which  were  filled  with  solutions  other  than  pore 
liquor  with  different  concentrations.  The  containers  were 
then  well  sealed  and  placed  into  the  oven  for  treatment  at 
different  temperatures  (i.e.  5,  25,  45,  60  and  80  °C)  for 
different  time  periods  (from  less  than  5  minutes  to  more  than 
60  days)  using  the  same  aging  schedule  illustrated  in  Figure 
4.2. 
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Figure  4.2        Schematic  illustration  of  gelation  and 
aging  schedules  for  experiment  A. 
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Figure  4.3        Schematic  illustration  of  gelation  and 
preaging  schedules  for  experiment  B. 
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NH4OH   was    chosen    as    aging   medium   in    our   work.  The 
reasons  are  as  follows  :  -  ■  .< 

(1)    It    is    less    corrosive.    Arrhenius    [169]    defined  a 
base    as    a    compound    which,     in    aqueous    solution,  yields 
hydroxide   ion    (or  a  base,    on  the  other  hand,    is   defined  as 
any    substance    that    can    accept    a    proton    from    any  other 
substance) ,    and  the  strength  of  a  base  is  determined  by  the 
extent    to    which    it    is    dissociated    in    solution    to  give 
hydroxide    ions.    Sodium   hydroxide    and   potassium  hydroxide, 
which,    like   all    ionic   compounds,    are   completely   ionized  in 
water  solution,    yields  high  concentrations  of  hydroxide  ion 
and  are,   therefore,    strong  bases.   They  are  placed  with  other 
ionic   compounds   in  the   category  of   strong  electrolytes.  In 
addition    to    the    strong    or    ionic    bases,     there    are  some 
covalent   compounds,    of  which     ammonium  hydroxide    (NH4OH)  is 
the   most   typical   example,    which  exhibit   the  characteristic 
properties  of  bases  but  conduct  electricity  only  very  poorly. 
Such   compounds   are   called  weak  bases.    NH4OH   is   less  strong 
than  other  ionic  bases  such  as  sodium  hydroxide  and  potassium 
hydroxide.    Many  of  the   chemical  properties   of  NH4OH  can  be 
interpreted   in   terms   of   the   assumption   that    the  following 
equilibrium  exists  in  the  solutions: 


NH3 (aqueous)   +  H2O  =  NH4OH (aqueous)  = 

(aqueous)   +  OH" (aqueous)  (4.1) 
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That  the  second  step  proceeds  only  slightly  toward  the 
right  is  shown  by  the  fact  that  the  value  of  the  ionization 
constant 

[NH^+l [0H~] 

Kb  =    (4.2) 

[NH3] 

is  only  1.8  x  10 

It  has  also  been  found  experimentally  that  the  pre-aged 
gels  with  dimension  of  about  45  X  45  X  10  mm  simply 
disappeared  after  treatment  in  1  N  NaOH  solution  for  less 
than  2  days.  However,  no  significant  dimensional  change  of 
the  gels  treated  by  4  N  NH4OH  for  more  than  4  days  was 
observed . 

Comparing  to  HF,  NH4OH  is  much  less  hazardous, 
consequently,   it  can  be  handled  more  easily  and  safely. 

(2)  NH4OH  itself  is  pure  so  that  no  undesirable  or 
harmful  foreign  ions,  such  as  Na"*"  and  K+  ions  which  would 
cause  devitrification  or  crystallization  problems,  are 
introduced  into  the  gel-silica.  Since  NH4OH  decomposes  into 
NH3  and  H2O  at  low  temperature,  no  residue  will  remain  inside 
the  sample  after  proper  heat-treatment . 

Experiment  A  was  the  control  experiment  where  aging  was 
conducted  in  the  standard  pore  liquor.  Experiment  B,  aging  in 
NH4OH  solutions,  led  to  the  discovery  of  a  means  to  control 
the  texture  of  gel-silica  monoliths. 
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4.1.3  Drying 

After  aging  treatment,  the  gel-silica  samples,  either 
from  experiment  A  or  experiment  B,  were  dried  in  specially 
designed  Teflon®  (TEF)  drying  chambers,  each  with  a  pin-hole 
on  its  cover.  The  chambers  initially  filled  with  D.I,  water 
were  placed  upside  down  in  the  oven.  As  the  temperature 
increased  the  water  was  expelled  out  through  the  pin-holes  by 
the  expansion  of  the  vapor  gathered  in  the  upper  parts  of  the 
chambers.  Finally  there  was  no  water  left  in  the  chambers  and 
the  samples  gradually  dried  completely.  The  drying  schedule 
is  shown  in  Figure  4.4. 

According  to  de  Boer  and  Vleeskens  [170,171]  a  silica 
dried  at  120°C  under  atmospheric  conditions  has  lost  all 
physisorbed  water  and  still  contains  all  surface  hydroxyls . 
Heating  at  higher  temperatures  partially  depletes  the  surface 
of  OH  groups.  The  120°C  criterion  is  based  on  the  following 
arguments : 

(a)  Below  110°C  the  residual  "water"  content  depends 
upon  the  water  vapor  pressure  of  the  air  in  which  the  silica 
is  dried;  at  115°C  this  influence  becomes  negligibly  small. 

(b)  Silica  samples  dried  at  120°C  under  atmospheric 
conditions  have  the  same  water  content  (as  determined  by 
heating  at  1200°C)  as  when  they  are  pre-dried  at  105°C  and 
afterwards    kept    over   P2O5,    or   when   they   are   pre-dried  at 
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Figure  4.4         Schematic  illustration  of  drying  schedule 
for  gel-silica  samples. 
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105°C  and  then  pumped  off  under  high  vacuum  at  room 
temperature . 

However,  this  120°C  criterion  has  not  been  generally 
accepted  in  the  literature.  Lange  [172]  suggests  that 
strongly  physisorbed  water,  especially  in  very  narrow 
micropores,   requires  drying  temperatures  approaching  180°C. 

Experiments  A  and  C  had  the  same  procedures  before  the 
drying  step.  In  experiment  C,  the  gel-silica  samples  were 
dried  in  an  NH4OH  media  (either  solution  or  vapor)  instead  of 
D.I.  water. 

For  convenience,  the  gel-silica  samples  obtained  from 
experiments  A,  B  and  C  are  termed  sample  series  A,  B  and  C 
respectively . 

4.1.4  Stabilization  and  Densif ication 

Further  stabilization  and  densif ication  of  gel-silica 
samples  from  all  experiments  were  carried  out  at  high 
temperatures  in  a  box  furnace  in  which  the  dried  samples  were 
placed  in  the  quartz  crucibles.  The  schedule  is  schematically 
shown  in  Figure  4.5. 

In  all  the  experiments,  the  linear  contractions  of  the 
gel-silica  samples  were  monitored  during  each  processing 
step,  especially  the  aging  treatment  step.  The  textural 
change    and    other    property    changes,     including  density. 
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Figure  4.5 


Schematic  illustration  of  stabilization 
and  densif ication  schedules  for 
gel-silica  samples. 
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microhardness  and  UV  transmission,  of  the  samples  were 
measured  by  the  techniques  summarized  in  the  following 
section . 


4.2  Texture  Measurement 


4.2.1  BET  Theory 


An  understanding  of  the  texture  of  a  material  can  be 
achieved  by  the  construction  of  an  adsorption  isotherm  which 
is  the  result  of  measurement  of  the  quantity  of  adsorbate  on 
the  surface  of  the  material  over  a  wide  range  of  relative 
pressure  at  constant  temperature . 

In  comparison  with  Langmuir  theory  [173],  the  BET 
theory  developed  by  Brunauer,  Emmett  and  Teller  [174-176]  is 
a  more  general  theory  which  can  be  used  to  describe  all  types 
of  adsorption  isotherms.  The  BET  theory  assumes  that  the 
uppermost  molecules  in  adsorbed  stacks  are  in  dynamic 
equilibrium  with  the  gas  or  vapor  and  only  the  equilibrium 
between  the  vapor  and  the  adsorbate  in  the  first  layer  can  be 
described  by  the  Langmuir  theory. 
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In  spite  of  alternative  equations  to  describe  the 
isotherm,  the  BET  equation  has  retained  its  utility  for  many 
years.  Though  subsequent  proposed  schemes  are  useful  for 
certain  situations,  the  BET  equation  is  still  widely  used  in 
the  following  final  form  [177] : 

P  1  (C-l)P 

  =    +    (4.3) 

Va(Po-P)  Vn,C  VmCPo 

where  is  the  moles  of  gas  adsorbed  per  gram  of  adsorbent 
when  the  gas  pressure  is  P,  Vj^  is  the  monolayer  capacity  of 
the  surface,  that  is,  the  number  of  moles  of  gas  per  gram  of 
adsorbent  required  to  form  a  monomolecular  layer,  Pq  is  the 
saturation  gas  pressure  at  the  temperature  used,  and  C  is  a 
constant  which  is  a  function  of  the  heat  of  adsorption  and 
depends  on  the  chemical  nature  of  the  surface.  When 
P/Va(Po-P)  is  plotted  as  ordinate  versus  P/Pq  as  abscissa  a 
line  is  obtained  with  slope  s  and  intercept,  i,  on  the 
ordinate : 

C-1 

s     =    (4.4) 

VmC 

1 

i     =    (4.5) 

VmC 

Thus,   the  volume  of  a  monolayer  Vj^  can  be  obtained  by 
combining  equations   (4.4)   and  (4.5). 
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1 


V, 


m 


(4.6) 


s+i 


From  V, 


the    specific    surface    area    Sgg-p    in  square 


meters  per  gram  is  determined  from  the  equation 


Sbet  =  Vm        N  X  10-2 


(4.7) 


where  is   the   molecular   cross-sectional   area   of   one  gas 

molecule  in  square  angstroms  which  may  vary  on  different 
surfaces,  and  N,  the  Avogadro  constant,  is  6.023  x  102  3 
molecules/mole . 

The  total  pore  volume  can  be  derived  from  the  amount  of 
adsorbate  vapor  adsorbed  at  a  relative  pressure,  P/Po,  close 
to  unity,  by  assuming  that  the  pores  are  then  filled  with 
liquid  adsorbate. 

The  average  pore  radius  can  be  obtained  from  the  pore 
volume  and  the  specific  surface  area,  by  assuming  cylindrical 
pore  geometry.  The  pore  size  distribution  is  calculated  using 
the  method  proposed  by  Barrett,   Joyner  and  Halenda  [178]. 

Because  adsorption  characteristics  change  with  pore 
size  [39],  it  is  convenient  to  classify  porosity  by  the  terms 
micropores  (radius  <  20  A) ,  mesopores  (radius  from  20  to  2000 
A),  and  macropores  (radius  >  2000  A).  This  terminology  was 
proposed  and  later  modified  by  Dubinin  [178,179] 


77 


According  to  Brunauer  et  al .  [176],  all  adsorption 
isotherms  may  be  grouped  into  one  of  the  five  types  shown  in 
Figure  4.6. 

The  type  I  or  Langmuir  isotherm  is  concave  to  the  P/Po 
axis  and  the  amount  of  adsorbate  approaches  a  limiting  value 
as  P/Po  approaches  1.  Type  I  physisorption  isotherms  are 
exhibited  by  microporous  solids  having  relatively  small 
external  surfaces,  for  example,  activated  carbon  and 
molecular  sieve  zeolites.  The  limiting  uptake  of  adsorbate  is 
governed  by  the  accessible  micropore  volume  rather  than  by 
the  internal  surface  area. 

The  type  II  isotherm  is  the  normal  form  of  isotherm 
obtained  with  a  nonporous  or  macroporous  adsorbent.  This  type 
of  isotherm  represents  unrestricted  monolayer-mult ilayer 
adsorption.  The  starting  point  of  the  linear  central  section 
of  the  isotherm,  is  usually  taken  to  indicate  the  relative 
pressure  at  which  monolayer  coverage  is  complete. 

The  type  III  isotherm  is  convex  to  the  P/Po  axis  over 
its  entire  range.  Type  III  isotherms  are  rarely  encountered. 
However,  a  well-known  example  is  the  adsorption  of  water 
vapor  on  nonporous  carbons.  The  absence  of  a  distinct  point  B 
on  a  type  III  isotherm  is  caused  by  stronger 
adsorbate-adsorbate  than  adsorbate-adsorbent  interactions. 

The  type  IV  isotherms  are  associated  with  capillary 
condensation   in  mesopores,    indicated  by  the   steep   slope  at 
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P/Po 
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Type  II 


P/Po 
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P/Po 

V:  Volume  of  adsorbate 
P/Po:  Relative  pressure 


Five  types  of  adsorption  isotherms 
[176] . 
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higher  relative  pressures.  The  initial  part  of  the  type  IV 
isotherm  follows  the  same  path  as  the  type  II. 

Type  V  isotherms  are  uncommon,  corresponding  to  the 
type  III,  except  that  pores  in  the  mesopore  range  (from  20  A 
to  2000  A)   are  present. 

When  the  volume  adsorbed  (V)  is  plotted  versus  the 
relative  pressure  (P/Pq)  for  both  adsorption  and  desorption 
processes  a  hysteresis  loop  is  commonly  formed. 

De  Boer   [180]   showed  that  in  practical  cases  the  shape 
of  the  hysteresis  may  lead  to  a  more  or  less  detailed  picture 
of  the  shape  of  the  pores  present  in  a  certain  adsorbent.  He 
has    identified   five   types   of   hysteresis   loops    (Figure  4.7) 
and   correlated   them   with    various    pore    shapes    among  which 
three   commonly  denoted  by  the  type  A,    B  and  E    (Figure  4.8) 
have  proved  to  be  of  great   importance   in  the  interpretation 
of  sorption   isotherms.    Typically,    type  A  hysteresis  has  two 
very  steep  branches  and  can  be  related  in  its  simplest  form 
to  cylindrical  pores  open  at  both  ends.   A  B-type  hysteresis 
loop  is   characterized  by  a  vertical  adsorption  branch  near 
saturation    and   a    steep    desorption    branch    at  intermediate 
relative  pressures;   it  is  associated  with  slit-shaped  pores. 
An  E-type  hysteresis  loop  is  intermediate  between  types  A  and 
B.    While    the    desorption    branch    is    steep,    the  adsorption 
branch   is    sloping.    It    has   been   attributed   to  "ink-bottle" 
pores   (bottle  shaped  pores  with  narrow  necks)    [181] . 
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Figure  4.7 


de  Boer's  five  types  of  hysteresis 
loops   [180]  . 
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Figure  4.8        Three  important  types  of  hysteres 
loops   [84]  . 
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Despite  the  qualitative  correlation  between  type  of 
hysteresis  and  shape  of  pores,  Broekhoff  and  Linsen  [182] 
point  out  that  there  is  no  satisfactory  quantitative  theory 
of  hysteresis  behavior  of  adsorption  isotherms. 

Nitrogen  is  the  most  suitable  adsorbate  and  is  widely 
used  for  textural  determinations  since  it  exhibits 
intermediate  values  for  the  C  constant  (50-250)  on  most  solid 
surfaces  which  makes  it  possible  to  calculate  its 
cross-sectional  area  from  its  bulk  liquid  properties 
[183,184].  For  the  hexagonal  close-packed  nitrogen  monolayer 
at  77  K,  the  molecular  cross-sectional  area,  a^^,  for  nitrogen 
is  16.3  a2. 

The  BET  theory  and  the  nitrogen  adsorption  techniques 
have  been  widely  used  in  the  study  of  the  texture  of 
gel-silicas  with  well  established  applicability  [84,185-190]. 

4.2.2  BET  Equipment 

The  texture  of  gel-silica  samples  were  measured  using 
an  automatic  gas-adsorption  equipment,  the  AUTOSORB-6 
(Quantachrome,  Inc.). 

The  AUTOSORB-6  operates  by  measuring  the  quantity  of 
nitrogen  adsorbed  onto  or  desorbed  from  a  solid  surface  at 
some  equilibrium  vapor  pressure  by  the  static  volumetric 
method.    The  data  is  obtained  point -by-point  by  admitting  or 
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removing  a  known  quantity  of  nitrogen  into  or  out  of  a  sample 
cell  containing  the  solid  adsorbent  maintained  at  a  constant 
temperature  below  the  critical  temperature  of  nitrogen.  As 
adsorption  or  desorption  occurs  the  pressure  in  the  sample 
cell  changes  until  equilibrium  is  established.  The  quantity 
of  nitrogen  adsorbed  or  desorbed  at  the  equilibrium  pressure 
is  the  difference  between  the  amount  of  nitrogen  admitted  or 
removed  and  the  amount  required  to  fill  the  space  around  the 
adsorbent   (void  space) . 

The  AUTOSORB-6  has  the  capability  of  measuring  adsorbed 
or  desorbed  volumes  of  nitrogen  at  relative  pressures  in  the 
range  of  0.01  to  slightly  under  1.0. 

The    volume-pressure    data    can    be    reduced    by  the 
AUTOSORB-6  into  BET  surface  area    (single  and/or  multipoint), 
Langmuir     surface     area,      adsorption     and/or  desorption 
isotherms,    pore   size  and  surface  area  distributions,  total 
pore  volume  and  average  pore  radius . 

It  should  be  emphasized  that  since  few  bridging  bonds 
are  broken  and  reformed  during  solvent  removal,  the  texture 
of  the  resulting  porous  xerogel  (the  standard  glass  preform) 
bears  some  relation  to  the  structure  at  the  gel  point.  Thus, 
the  data  from  dried  gel-silica  samples  can  be  used  to  explain 
the  behavior  of  wet  gels. 
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4.3.  Property  Characterization 

4.3.1  Density 

The  true  density  of  dried  gel-silica  samples  was 
determined  by  a  Quantachrome  Micropycnometer  which  is  an 
instrument  specifically  designed  to  measure  the  true  volume 
of  a  small  quantity  of  a  solid  sample  via  the  application  of 
the  Archimedes  principle  of  fluid  displacement.  The  displaced 
fluid  used  in  this  instrument  is  helium,  which  can  penetrate 
the  finest  of  pores  (approaching  1  A)  to  insure  maximum 
accuracy . 

The  micropycnometer  determines  the  true  density  of  the 
samples  by  measuring  the  pressure  difference  when  a  known 
quantity  of  helium  under  pressure  is  allowed  to  flow  from  a 
precisely  known  reference  volume  (Vj^)  into  a  sample  cell 
containing  the  solid  or  powdered  material   [191]  . 

Mercury  pycnometry  was  utilized  to  measure  the  bulk 
density  of  dried  gel-silica.  After  being  dried  at  180°C  in 
the  oven  and  cooled  to  room  temperature,  the  sample  was 
weighed  and  its  bulk  volume  was  determined  by  immersion  in  a 
pycnometry  bottle  in  which  mercury  was  used  as  the  immersion 
liquid. 

In  our  work,  the  bulk  density  of  wet  gels  was  also 
measured.   Since  wet  gels  were  saturated  with  pore  liquor,  the 
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pore  liquid  itself  (with  measured  density  of  0.945  g/cm^) 
collected  during  the  experiment  was  used  as  the  immersion 
liquid  instead  of  mercury. 

4.3.2  Microhardness 

The  Vickers  hardness  number  (VHN)  is  defined  [192]  as 
the  load  experienced  by  the  material  divided  by  the  surface 
area  of  the  indentation.  The  VHN  is  calculated  using  the 
following  equation: 

VHN  =    (1.854  P)/l2  (4.8) 
where    P    is    the    applied    load    in    kilograms,    and    L    is  the 
average  length  of  the  diagonals  of  the  indentation   (mm) . 

The  instrument  used  in  our  investigation  was  a 
semi-automatic  Leco  DM-400F  Hardness  Tester,  incorporating  an 
ACP-94  computing  printer.  A  load  P  of  50  g,  100  g,  200  g  and 
300  g  respectively  but  with  a  fixed  loading  time  of  20 
seconds  was  selected  for  different  samples  examined. 

4  .3  .3.    nV-VIS-NTR  f^pf^rt^^ 

The  equipment  used  in  this  study  was  the  Perkin-Elmer 
Lambda  9  UV-VIS-NIR  Spectrophotometer  which  consists  of  a 
high  performance  double-beam,  double-monochromat or  and  a 
superior    signal-to-noise    energy    optimized    optical  system 
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throughout  the  entire  185-3200  nm  wavelength  range.  The 
radiation  sources  change  automatically  during  the  operation 
of  the  instrument. 

In  order  to  minimize  loss  through  geometric  scattering, 
in  most  cases,  45  x  45  x  10  mm  gel-silica  samples  with  flat 
surfaces  were  used  in  the  spectrophotometer. 

4.3.4  pH  Measurement 

The  pH  of  the  aging  medium  before  and  after  aging 
treatment  was  measured  by  an  EA  920  Expandable  lonAnalyzer 
(Orion  Research) . 

4.3.5.   Si  Ion  Concentration  Measurement 

The  variation  of  concentration  of  Si  ions  in  the 
solution  during  aging  treatment  was  quantitatively  analyzed 
by  Inductively  Coupled  Plasma  (IL  Plasma  200)  atomic  emission 
spectrometry.  The  liquid  samples  were  nebulized  by  a  normal 
method  and  all  the  data  including  the  location  and  the 
intensity  of  the  emission  lines  in  the  conventional 
UV-visible  region  of  the  spectrum  were  processed  and  printed 
out  by  the  IL  PDS-1  Plasma  Data  System. 


CHAPTER  V 

TEXTURAL  AND  PROPERTY  CHANGES  OF  GEL-SILICA 
5.1  Textural  Changes 

5.1.1  Surface  Area.  Pore  Volume  and  Pore  Radius 

Based  on  the  experiment  from  which  the  gel-silica 
monoliths  were  produced,  the  samples  were  grouped  into  three 
series:  series  A,  series  B  and  series  C.  Obviously,  regular 
Type  VI  gel-silica  belongs  to  series  A. 

Textural  changes,  mainly  characterized  by  the  surface 
area,  the  total  pore  volume  and  the  average  pore  radius,  of 
series  A  gel-silica  sample  with  aging  time  and  temperature 
were  obtained  by  BET  measurement.  Results  are  shown  in 
Figures  5.1-5.6,  respectively. 

In  general,  various  aging  parameters,  including  aging 
temperature  and  aging  time,  did  not  remarkably  affect  the  gel 
texture.  The  so-called  "one  way  change":  the  surface  area 
decreases,  the  total  pore  volume  remains  constant  and  the 
average  pore  radius  increases  with  increasing  the  aging  time 
and  aging  temperature,  which  Iler  proposed  in  his  book 
"Chemistry  of  Silica"  was  not  found. 
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Figure  5.1 


Variation  of  surface  area  of  gel-silica 
samples  aged  in  pore  liquid  at  various 
temperatures  as  a  function  of  time. 
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Figure  5.2 


Variation  of  surface  area  of  gel-silica 
samples  aged  in  pore  liquid  for  various 
times  as  a  function  of  temperature. 
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Figure  5.3 


Variation  of  pore  volume  of  gel-silica 
samples  aged  in  pore  liquid  at  various 
temperatures  as  a  function  of  time. 
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Figure  5.4        Variation  of  total  pore  volume  of 

gel-silica  samples  aged  in  pore  liquid 
for  various  times  as  a  function  of 
temperature . 
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Figure  5.5        Variation  of  average  pore  radius  of 

gel-silica  samples  aged  in  pore  liquid 
at  various  temperatures  as  a  function 
of  time. 
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igure  5.6        Variation  of  average  pore  radius  of 

gel-silica  samples  aged  in  pore  liquid 
for  various  times  as  a  function  of 
temperature . 
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During  aging,  the  surface  area  and  the  total  pore 
volume  of  series  A  gel-silica  samples  remained  almost 
constant.  Comparatively  speaking,  only  the  average  pore 
radius    slightly    changed    with    the    aging  parameters. 

As  a  general  trend,  the  aging  temperature  has  more 
profound  effect  than  aging  time  on  the  texture  of  the  series 
A  gel-silica  samples.  Some  textural  changes  occurred  only 
when  the  aging  temperature  went  to  higher  values. 

It  is  interesting  to  point  out  that  in  Figure  5.7  there 
seems  to  be  a  linear  relationship  between  the  average  pore 
radius  of  the  gel-silica  samples  and  the  aging  time  at  a 
fixed  aging  temperature.  The  straight  lines  shown  in  the 
figure  were  obtained  by  simple  curve  fitting  which  can  be 
expressed  by  the  following  general  equation: 

^^pore  =  St  +  Ci  (5.1) 

where  Rpore  is  the  average  pore  radius,  t  =  aging  time,  S  = 
slope  which  is  closely  related  to  the  aging  temperature  and 
Ci  is  a  constant. 

The  slope  S  of  the  plot  of  average  pore  radius  versus 
aging  time  changed  with  aging  temperature  in  the  following 
manner.  When  aging  temperature  was  lower  than  25°C,  the  slope 
was  so  low  that  the  texture  of  the  gel-silica  samples 
remained  unchanged  with  aging  time.    This  has  been  proved  by 


95 


0  20  40  60 

Time,  t  (days) 


5°C 

R  = 

12. 

038 

+ 

4 

.9860e-3t 

R"2 

-  0 

.331 

25°C 

R  = 

12. 

185 

+ 

4 

. 9865e-3t 

R"2 

=  0 

.349 

45°C 

R  = 

11. 

908 

+ 

3 

.7615e-2t 

R"2 

=  0 

.893 

60°C 

R  = 

11. 

926 

+ 

7 

.2234e-2t 

R"2 

=  0 

.990 

80°C 

R  = 

12. 

153 

+ 

0 

.13145t 

R"2 

=  0 

.986 

Figure  5.7 


Variation  of  slope   (S)   of  pore  size  vs 
time  plots  as  a  function  of  temperature. 
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the  fact  that  the  texture  of  gel-silica  sample  aged  in  its 
pore  liquid  at  room  temperature  for  as  long  as  227  days  was 
almost  the  same  as  that  of  the  sample  aged  under  the  same 
condition  but  only  for  24  hours.  For  example,  for  both  times 
the  sample's  surface  area  was  716.70  m^/g,  total  pore  volume 
was  0.40637  cm^/g  and  the  average  pore  radius  was  11.34  A. 
However,  when  aging  temperature  was  increased  above  45°C,  the 
slope  S  increased  and  a  significant  change  of  the  average 
pore  radius  with  the  aging  time  was  observed. 

The   temperature   dependence   of  the   slope   of  the  aging 
kinetics  curve  S  can  therefore  be  described  as: 

S  =  C2exp(-E/A:T)  (5.2) 

or 

Logs  =  C3  -  S- (1/T)  (5.3) 

where  C2  is  constant,  C3  is  equal  to  logC2,  S'  is  equal  to 
E/k,  E  is  the  activation  energy  which  is  related  to  the  pore 
growth  and  k  is  Boltzmann's  constant,  i.e.  1.382  x  10~16 
erg/K  or  1.382  x  10-23  j/r. 

By  plotting  log  S  versus  1/T,  another  straight  line 
with  slope  S'  could  obtained  (shown  in  Figure  5.8).  The 
activation  energy  E  was  calculated  from  this  plot.  Since  pore 
size  is  closely  correlated  with  particle  size  in  the  gels 
[193],   E  can  be  considered  as  the  activation  energy  of  growth 
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Figure  5.8        Log  S  vs.  1/T. 
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of  gel  particles  and  also  as  the  activation  energy  of  the 
proposed  aging  mechanisms.  From  Figure  5.1.1.8,  S'  equals 
2.1046  X  103  and  then  E  is  equal  to  2.91  x  10-20  j/k  (17.53 
kJ/mole-K).  The  significance  of  this  value  of  E  will  be 
discussed  later. 

The  maximum  pore  radius  obtained  through  experiment  A 
was  around  20  A,  which  is  only  twice  as  large  as  that  of  the 
regular  Type  VI  gel-silica. 

On  the  contrary,  the  texture  of  series  B  gel-silica 
samples  changed  tremendously  during  the  aging  treatment  and 
Tier's  "one  way  change"  trend  of  textural  change  was 
observed . 

Table  5.1  showed  that,  after  being  treated  in  14  N 
NH4OH  solution  at  60°C  for  61  days,  the  surface  area  of  dried 
gel-silica  sample  dropped  from  750  to  less  than  200  m2/g,  the 
total  pore  volume  expanded  from  0.50  to  around  1.15  cm3/g, 
which  means  that  the  volume  fraction  of  porosity  expanded 
from  50%  to  71%,  and  the  average  pore  radius  increased 
drastically  from  14  A  to  130  A,  which  is  almost  an  order  of 
magnitude  change  in  mean  size  of  pores  in  the  monoliths. 

Figures  5.9,  5.10  and  5.11  present  the  effect  of  aging 
treatment  time  on  the  texture  of  the  NH4OH  treated  series  B 
gel-silica  samples.  With  increasing  aging  treatment  time,  the 
surface  area  of  the  samples  decreased  and  the  total  pore 
volume  and  the  average  pore  radius  increased.   The  texture  of 
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Table  5.1 

Textural  change  of  gel-silica  samples 


Surface  Pore  Pore 

Sample  I.D.  area  volume  radius 

(m2/g)  (cm3/g)  (A) 

A  749  0.56  14.8 

B  175  1.15  131.0 


Sample  A:      Gel-silica  aged  in  the  pore  liquor  at  60°C 
for  61  days. 

Sample  B:      Gel-silica  aged  in  a  14  N  NH4OH  at 
60°C  for  61  days. 
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Figure  5.9 


Time  effect  on  surface  area  of  gel-silica 
samples  aged  in  NH40H  solution  with  various 
concentrations  at  25°C. 
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Figure  5.10        Time  effect  on  total  pore  volume  of 

gel-silica  samples  aged  in  NH40H 
solution  with  various  concentrations 
at  25°C. 
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Figure  5.11 


Time  effect  on  average  pore  radius  of 
gel-silica  samples  aged  in  NH40H  solution 
with  various  concentrations  at  25°C. 


103 


all  the  samples  changed  sharply  at  the  very  early  stage  of 
the  treatment.  The  detailed  time  dependence  of  the  texture 
could  be  seen  clearly  in  the  dilute  NH4OH  solution  (e.g.  0.01 
N)  .  Table  5.2  reveals  that  drastic  textural  change  for  the 
gel-silica  sample  aged  in  a  0.01  N  NH4OH  solution  at  25°C 
occurred  within  120  minutes.  The  length  of  this  time  span 
decreased  with  the  increased  NH4OH  concentration. 

The  variation  of  the  surface  area,  the  total  pore 
volume  and  the  average  pore  radius  as  a  function  of  aging 
treatment  temperature  is  demonstrated  in  Figures  5.12,  5.13 
and  5.14  respectively.  The  aging  treatment  temperature  seems 
to  have  little  effect  on  the  gel  texture  when  aging  in  a 
NH4OH  solution. 

Besides  aging  treatment  time  and  temperature,  another 
aging  variable,  i.e.  the  concentration  of  the  aging  medium 
NH4OH,  played  the  most  important  role  during  the  aging 
treatment  in  the  experiment  B. 

Figures  5.15,  5.16  and  5.17  show  roughly  the  NH4OH 
concentration  dependence  of  the  texture  of  the  gel  monoliths. 
The  general  trend  is  that  the  surface  area  of  series  B 
gel-silica  samples  decreased,  the  total  pore  volume  increased 
and  then  slightly  decreased,  and  the  average  pore  radius 
increased  with  increasing  NH4OH  concentration  at  a  fixed 
treatment  time  (1  day) .  It  has  been  found  that  the  texture  of 
the    gel-silica    samples    was    very    sensitive    to    the  NH4OH 
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Table  5.2 

Textural  change  as  a  function  of  aging  time 
for  gel-silica  samples 
aged  in  a  0.01  N  NH4OH  solution  at  25°C 


Time  Surface  area 

(minutes)  (m^/g) 


0 

786 

5 

743 

10 

759 

15 

7  92 

30 

779 

45 

666 

120 

380 

240 

358 

1440 

302 

5760 

287 

Pore  volume      Pore  radius 
(cm3/g)  (A) 


0.49 

12.4 

0.44 

11.8 

0.46 

12.0 

0.50 

12.6 

0.53 

13.6 

0.57 

17.1 

0.  94 

49.5 

1.04 

57.9 

1.02 

67  .7 

1.06 

73.6 

105 


800 


0  20  40  60  80  100 

Temperature  (°C) 


Figure  5.12 


Temperature  effect  on  the  surface  area  of 
gel-silica  samples  aged  in  NH40H  solution 
with  various  concentrations  for  1  day. 
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Figure  5.13        Temperature  effect  on  the  total  pore 

volume  of  gel-silica  samples  aged  in 
NH40H  solution  with  various 
concentrations  for  1  day. 
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Figure  5.14        Temperature  effect  on  the  average  pore 

radius  of  gel-silica  samples  aged  in 
NH40H  solution  with  various 
concentrations  for  1  day. 
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Figure  5.15        Concentration  effect  on  surface  area 

of  gel-silica  samples  aged  in  NH40H 
solution  at  different  temperature  for 
1  day . 
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Figure  5.16 


Concentration  effect  on  total  pore  volume 
of  gel-silica  samples  aged  in  NH40H  solution 
at  different  temperatures  for  1  day. 
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Figure  5.17        Concentration  effect  on  average  pore 

radius  of  gel-silica  samples  aged  in 
NH40H  soluiton  at  various  temperatures 
for  1  day. 
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concentration.  All  the  figures  demonstrate  that  the  sharp 
textural  change  of  the  samples  took  place  in  a  very  dilute 
concentration  range. 

Figures  5.18,  5.19  and  5.20  provide  the  detailed 
information  about  the  NH4OH  concentration  effect  on  the 
texture  of  gel-silica  samples.  As  shown  in  Table  5.3,  the 
texture  of  the  samples  remained  nearly  unchanged  until  the 
NH4OH  concentration  reached  0.01  N  at  which  the  surface  area 
dropped  from  678  m^/g  to  301  m2/g,  the  total  pore  volume 
jumped  from  0.65  cm^/g  to  1.02  cm3/g,  whereas  at  the  same 
time  the  average  pore  radius  increased  from  19.1  A  to  67.7  A. 
After  that  critical  point  no  further  significant  textural 
changes  with  NH4OH  concentration  were  observed.  The  final 
values  of  the  gel  texture  were  found  to  be  determined  by  the 
aging  treatment  temperature.  In  general,  the  higher  the  NH4OH 
concentration  and  aging  treatment  temperature  applied,  the 
larger  porosity  of  the  gel-silica  samples. 

Even  though  NH4OH  is  a  weak  base,  high  concentrations 
might  damage  the  surface  of  the  sample  or  even  the  bulk.  It 
has  been  observed  that  improper  treatment  causes  pitting  and 
severe  corrosion  on  the  surface  of  gel-silica  monoliths.  In 
order  to  obtain  monolithic  gel-silica  with  relatively  good 
optical  or  mechanical  properties,  use  of  dilute  NH4OH 
solutions,  moderate  treatment  temperatures  and  longer 
treatment  times  are  required. 


112 


Figure  5.18 


Concentration  effect  on  surface  area  of 
gel-silica  samples  aged  in  dilute  NH40H 
solution  at  different  temperature  for  1  day. 
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Figure  5.19 


Concentration  effect  on  total  pore  volume 
of  gel-silica  samples  aged  in  dilute  NH40H 
solution  at  different  temperatures  for  1  day. 


114 


Figure  5.20        Concentration  effect  on  average  pore 

radius  of  gel-silica  samples  aged  in 
dilute  NH40H  soluiton  at  various 
temperatures  for  1  day. 
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Table  5.3 

Textural  change  as  a  function  of  NH4OH  concentration 
for  gel-silica  samples  aged 
in  NH4OH  solution  at  2  5°C  for  1  day 

Concentration      Surface  area      Pore  volume     Pore  radius 
(N)  (m2/g)  (cm3/g)  (A) 


0 

786 

0.49 

12  .4 

0.00125 

784 

0.61 

15.6 

0.00250 

720 

0.66 

18.4 

0.00500 

678 

0.65 

19.1 

0.01 

302 

1.02 

67  .7 

0.05 

296 

1.01 

68.2 

0.10 

252 

1 . 17 

92.  6 

0.25 

222 

1.03 

92  .7 

1.00 

219 

1.05 

95.9 
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Table  5.4  shows  the  textural  change  of  series  C 
gel-silica  samples.  During  experiment  C  the  medium  in  the 
drying  chamber  plays  an  important  role  in  the  evolution  of 
the  gel  texture.  Since  series  A  and  series  C  gel-silica 
samples  were  prepared  from  the  same  batch  ,  gelled  and  aged 
under  the  same  conditions,  they  should  have  the  same  texture 
if  the  drying  variables  were  kept  identical.  In  fact,  as 
described  earlier,  the  drying  process,  strictly  speaking  the 
medium  (wither  gaseous  or  liquid)  in  the  the  drying  chamber, 
of  the  two  series  was  different.  Here,  the  series  A  samples 
were  separately  dried  in  an  empty  drying  chamber,  i.e.  in  an 
ambient  atmosphere  or  we  can  say  in  the  vapor  of  their  own 
pore  liquor.  In  contrast,  gels  from  series  C  were  dried  in  a 
drying  chamber,  also  without  D.I.  water,  but  in  the  presence 
of  series  B  samples  which  had  been  further  aged  in  the  NH4OH 
solution  for  4  days  and  saturated  with  ammonium  hydroxide. 
Ammonium  and  hydroxide  ions  in  aqueous  solutions  were  in 
equilibrium  with  ammonia  and  water: 

NH^+ (aqueous) +  ^^-(aqueous)   =  NH3 (aqueous) +  ^2^  (5.4) 

Thus  during  drying  as  the  temperature  increased,  the 
NH3  gas  resulting  from  the  decomposition  of  the  NH4OH 
solution  in  the  pores  of  series  B  samples  gradually  filled 
the  drying  chamber  and  created  a  basic  gaseous  drying  medium. 
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Table  5.4 
The  effect  of  atmosphere 
in  drying  chamber  on  gel  textures 
(Experiment  C) 


Sample  I.D. 

Multi-point 
area 
(m2/g) 

Total 
pore  volume 
(cm^/g) 

Average 
pore  radius 
(A) 

A 

716.70 

0.406 

11  .34 

B 

151.15 

1.021 

135.13 

C 

271.35 

1 . 117 

82  .33 

Sample  A     Gels  aged  in  their  own  pore  liquid  at  room 

temperature  for  227  days,   then  dried  at  180  °C . 

Sample  B     Gels  aged  in  their  own  pore  liquid  at  room 
temperature  for  203  days,   then  aged  in 
NH4OH    (assay  28-30%)    for   4  days  and  finally  dried 
at  180°C. 

Sample  C     Gels  aged  in  their  own  pore  liquid  at  room 

temperature  for  207  days,  then  dried  together 
with  Sample  B  at  180  °C  in  the  same  drying 
chamber . 
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Ammonia  has  a  strong  tendency  to  dissolve  in  water;  this  is 
indicated  by  its  high  solubility  in  water  (700  volume  of 
ammonia  gas  to  1  volume  liquid  water  at  20°C  and  1  atm 
pressure) .  This  addition  undoubtedly  occurs  through  hydrogen 
bonding;  thus 

H  H 

H:   N   :       +       H  :0:       ->  H   :N   :H:  0   :  (5.5) 

H  H  H  H 

or 

NH3  (aqueous)   +  =  NH4OH (aqueous) 

=  NH^"*"  (aqugQus)  +  OH"  (aqueous)  (5.6) 


As  soon  as  the  NH3  vapor  met  the  pore  liquid  on  the 
surface  of  series  C  samples,  the  NH4OH  formed  again  and 
diffused  into  the  gel  through  the  pores  and  made  the  series  C 
gel-silica  samples  undergo  a  process  similar  to  the  aging 
treatment  in  the  NH4OH  media. 

The  series  C  gel-silica  samples  could  also  be  produced 
in  liquid  media  prepared  by  adding  various  amounts  of  NH4OH 
into  the  D.I.  water  which  was  in  the  drying  chamber.  Similar 
results  of  textural  change  were  observed.  Compared  with  the 
texture  of  series  B  gel-silica  samples,  however,  the  texture 
of  series  C  gels  was  difficult  to  predict  and  control, 
because   the   drying  parameters   had  effects   which  introduced 
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complexity  into  the  experiment.  Thus,  in  general,  the  results 
of  experiment  B  were  more  favorable  for  use  in  controlling 
the  texture  of  gel-silica  monoliths. 

5.1.2  Pore  Shape  and  Pore  Size  Distribution 

The  specific  surface  area,  the  total  pore  volume  and 
the  average  pore  radius  are  still  not  sufficient  to 
characterize  a  porous  material.  For  a  study  of  the  texture  of 
Type  VI  porous  gel-silica,  the  shape  and  size  distribution  of 
the  pores  present  in  the  material  should  also  be  known.  The 
low  temperature  nitrogen  adsorption  BET  technique  also 
provides  important  information  on  this  point. 

An  understanding  of  the  porosity,  including  all  the 
above  information  of  a  porous  material,  can  be  achieved  by 
the  construction  of  an  adsorption  isotherm.  When  the  quantity 
of  adsorbate  on  a  surface  is  measured  over  a  wide  range  of 
relative  pressures  at  constant  temperature,  the  result  is  an 
adsorption  isotherm.  The  adsorption  isotherm  can  be  obtained 
point-by-point  on  the  AUTOSORB-6  by  admitting  to  the 
adsorbent  successive  known  volumes  of  nitrogen  and  measuring 
the  pressure.  Similarly,  a  desorption  isotherm  can  also  be 
obtained  by  measuring  the  quantities  of  gas  removed  from  the 
sample  as  the  relative  pressure  is  lowered  which  thereby 
forms  the  gas  sorption  hysteresis. 
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As  mentioned  in  the  preceding  chapter,  either 
adsorption  isotherms  or  sorption  hysteresis  can  be  grouped 
into  one  of  the  five  types  shown  in  Figures  4.6,   4.7  and  4.8. 

The  gas  sorption  hysteresis  for  silica  gels  has  been 
studied  extensively  [39,177,182,194,195].  Barrer  et  al. 
[196],  investigated  the  shape  of  the  isotherm  and  the 
hysteresis  loop  expected  theoretically  for  different  pore 
shapes,  as  calculated  by  means  of  Kelvin's  equation: 


where  P  is  the  vapor  pressure  of  the  meniscus,  Po  is  the 
saturation  pressure  of  the  bulk  liquid,  y  is  the  surface 
tension,  Vl  is  the  molar  volume  of  the  liquid  phase,  9  is  the 
contact    angle,    and  and   R2    are    the    two   main    radii  of 

curvature  of  the  meniscus.  When  it  is  assumed  that  the 
meniscus  in  the  pore  is  hemispherical  with  two  equal  radii  of 
curvature,  the  desorption  pressure  is  thus  given  by: 


RTln(Po/P)   =  yv-^cosiQ)  ■  {I/R2  +  I/R2) 


(5.7) 


RTln(Po/P)   =  27VLCOs(e)/r 


(5.8) 


where  r  is  the  radius  of  the  capillary. 
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Following  the  reverse  procedure,  de  Boer  [197]  showed 
that  in  practical  cases  the  shape  of  the  hysteresis  loop  may 
provide  more  or  less  detailed  information  about  the  shape  of 
the  pores  present  in  a  material. 

It  has  been  shown  that  the  change  in  shape  of  the 
sorption  hysteresis  is  not  only  indicative  of  a  change  in 
pore  geometry  but  also  in  pore  size  distribution.  For 
convenience,   some  rules  are  summarized  as  follows: 

(1)  The  location  of  the  hysteresis  on  the  pressure  axis 
is  indicative  of  the  average  pore  radius.  As  the  average  pore 
radius  increases,  the  hysteresis  is  shifted  to  the  right  of 
the  relative  pressure  axis.  With  very  large  pores,  which  are 
essentially  infinite  in  size  compared  to  a  adsorbate 
molecule,  pores  are  filled  only  at  p/Po  =  1.0. 

(2)  The  length  of  the  hysteresis  is  indicative  of  the 
total  pore  volume.  As  the  pore  volume  increases,  the 
hysteresis  increases  in  length. 

(3)  The  width  of  the  hysteresis  is  indicative  of  the 
relative  size  of  the  "neck"  or  other  obstacles.  A  wider 
hysteresis  indicates  more  difficulty  in  the  desorption.  A 
lower  relative  pressure  is  required  for  gas  to  be  removed 
from  the  pores  due  to  the  narrower  necks.  If  the  pores  are  of 
uniform  size,  no  hysteresis  should  be  observed. 
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(4)  The  slope  of  the  hysteresis  is  indicative  of  the 
pore  size  distribution.  The  steep  slope  indicates  a  narrow 
pore  size  distribution.  If  all  the  pores  are  the  same  size 
they  would  all  fill  at  once  when  a  certain  vapor  pressure  is 
reached . 

In  experiment  A,  regardless  of  the  length  of  aging  or 
how  high  the  aging  temperature  was,  typical  Type  I  adsorption 
isotherms  were  obtained.  Type  I  isotherms  are  concave  to  the 
relative  pressure  (P/Po)  axis.  Also,  Type  E  hysteresis  loops, 
which  are  characterized  by  its  steep  desorption  branch  and 
sloping  adsorption  branch  (curve  (a)  in  Figure  5.21  for 
gel-silica  sample  aged  in  its  pore  liquor  at  60°C  for  61 
days),  were  always  observed.  The  results  indicate  that  the 
series  A  gel-silica  samples  are  microporous  materials  and  the 
shape  of  the  pores  in  the  samples  is  ink-bottle-like.  Since 
the  width  of  the  hysteresis  loop  was  relatively  large,  the 
relative  size  of  the  necks  of  the  "ink-bottle"  were  narrow. 

In  experiment  B,  for  example,  when  gel-silica  samples 
were  aged  in  1  N  NH4OH  solution  at  25°C,  the  adsorption 
isotherms  changed  shape  from  Type  I  to  Type  IV.  The  Type  IV 
isotherms  are  featured  by  a  steep  slope  at  higher  relative 
pressure.  The  change  in  isotherm  type  with  aging  treatment 
time  occurred  very  quickly  as  shown  in  Figure  5.21,  which 
symbolizes  that  most  micropores  (<  20  A)  were  changed  into 
micropores    (20-2000  A)    during  the  treatment.  Simultaneously, 
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Figure  5.21 


Variation  of  nitrogen  sorption  hysteresis  as 
a  function  of  time  for  gel-silica  samples 
aged  in  a  1  N  NH40H  solution  at  25°C. 
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the  sorption  hysteresis  loop  changed  from  Type  E  to  Type  A, 
which  is  characterized  by  two  very  steep  branches.  This 
change  shows  that  the  pores  altered  their  shapes  drastically 
from  ink-bottle-like  with  narrow  necks  to  cylindrical  pores 
with  both  open  ends.  With  increasing  treatment  time,  the 
length  of  the  hysteresis  loop  became  larger  indicating  the 
total  pore  volume  became  larger;  the  width  of  hysteresis  loop 
became  smaller  indicating  that  the  relative  size  of  the  necks 
or  other  obstacles  became  smaller  and  the  slope  of  the 
isotherm  curves  at  high  P/Po  range  became  steeper  indicating 
that  the  pore  size  distribution  about  the  mean  became 
narrower.  All  these  changes  ended  within  60  minutes.  Longer 
treatment  times  generated  the  same  hysteresis  loops  which 
superimposed  upon  each  other. 

Pore  shape  changed  with  aging  treatment  time  more 
slowly  when  more  dilute  concentrations  of  NH4OH  was  used. 
Figure  5.22  shows  the  variation  of  nitrogen  sorption 
hysteresis  as  a  function  of  aging  treatment  time  for 
gel-silica  samples  aged  in  a  0.01  N  NH4OH  solution  at  25°C. 
The  shape  of  the  hysteresis  loop  obtained  after  120  minutes 
treatment  looked  just  like  that  of  curve  (b)  in  Figure  5.21 
which  was  generated  after  15  minutes  treatment  in  a  1  N  NH4OH 
solution  at  the  same  temperature . 

The     concentration     dependence     of     pore     shape  is 
demonstrated     in    Figure     5.23.     The     shape    of    the  pores 
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Figure  5.22 


Variation  of  nitrogen  sorption  hysteresis 
as  a  function  of  time  for  gel-silica  samples 
aged  in  a  0.01  N  NH40H  solution  at  25°C. 
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Figure  5.23        Variation  of  nitrogen  sorption  hysteresis 

as  a  function  of  NH40H  concentration  for 
gel-silica  samples  aged  in  a  NH40H  solution 
at  60°C  for  1  day. 
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corresponding  to  the  shape  of  the  hysteresis  loop  changed 
with  increasing  NH4OH  concentration  thereby  following  a 
similar  trend.  The  pore  shape  changed  from  ink-bottle  to  a 
shape  typical  of  cylindrical  pores  when  the  NH4OH 
concentration  reached  0.01  N  at  a  fixed  treatment  temperature 
(60°C)  for  a  fixed  time  (1  day) .  The  shape  of  the  hysteresis 
loop  did  not  change  significantly  with  the  increased  NH4OH 
concentration  which  indicates  that  the  pore  shape  of  the 
gel-silica     samples     remained  cylindrical. 

The  distribution  of  pore  volume  with  respect  to  pore 
size  is  called  a  pore  size  distribution.  A  pore  size 
distribution  can  be  obtained  either  from  an  adsorption  branch 
or  from  a  desorption  branch.  The  choice  of  using  the 
adsorption  or  the  desorption  branch  is  determined  by  the  most 
probable  pore  shape  which  may  be  inferred  from  the  hysteresis 
loop.  It  is  generally  accepted  [84]  that  although  both 
adsorption  and  desorption  branches  are  stable,  the  desorption 
isotherm  is  more  appropriate  than  the  adsorption  isotherm  for 
evaluating  the  pore  size  distribution  of  an  adsorbent  which 
has  an  ideal  cylindrical  shape  of  pores.  The  desorption 
branch  of  the  isotherm,  for  the  same  volume  of  gas,  exhibits 
a  lower  relative  pressure,  resulting  in  a  lower  free  energy 
state.  The  adsorption  branch  is  metastable  relative  to  the 
desorption  branch.  Thus,  the  desorption  isotherm  is  closer  to 
true  thermodynamic  stability.   However,    in  certain  cases,  for 
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example,  in  samples  exhibiting  type  E  hysteresis,  the 
adsorption  branch  has  proved  to  be  the  thermodynamically 
stable  one  and  the  adsorption  isotherm  is  recommended  for 
determinations  of  pore  size  distribution. 

The  pore  size  distribution  in  sample  series  A  is 
remarkably  different  from  the  pore  size  distribution  in 
series  B. 

Figure  5.24  shows  the  variation  of  desorption  pore  size 
distribution  as  a  function  of  aging  time  for  gel-silica 
samples  aged  in  a  1  N  NH4OH  solution  at  25°C.  The  mean  pore 
radius  increased  with  increasing  the  treatment  time.  In  this 
figure,  curve  (a) ,  which  represents  the  series  A  gel-silica 
sample  aged  in  the  pore  liquor  at  60°C  for  61  days,  is 
asymmetric  and  broad.  However,  curves  (b)  ,  (c)  and  (d)  are 
symmetric  and  much  narrower  which  should  be  related  to  the 
cylindrical  pore  shapes  [198]  .  The  change  of  pore  size 
distribution  also  stopped  after  60  minutes  treatment.  No 
further  change  was  observed  after  60  minutes  aging. 

The  variation  of  pore  distribution  with  aging  treatment 
time  in  a  dilute  NH4OH  solution  (0.01  N)  is  presented  in 
Figure  5.25.  The  trend  was  similar  to  that  shown  in  Figure 
5.24  but  the  rate  of  change  was  slower.  Although  the 
significant  change  of  pore  size  distribution  of  the 
gel-silica  samples  with  aging  treatment  time  in  0.01  N 
(dilute)    NH4OH  solution  occurred  between   45  minutes   to  120 
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Figure  5.24 


Variation  of  pore  size  distribution 
as  a  function  of  time  for  gel-silica 
samples  aged  in  a  1  N  NH40H  solution 
at  25°C. 
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Figure  5.25        Variation  of  pore  size  distribution 

as  a  function  of  time  for  gel-silica 
samples  aged  in  a  0.01  N  NH40H  solution 
at  25°C. 
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minutes,  it  did  not  stop  there.  After  120  minutes,  the  mean 
pore  size  continued  to  increase  with  increasing  treatment 
time  (see  Table  5.2)  which  moved  the  distribution  peak  to  the 
right . 

It  has  been  also  found  that  the  pore  size  distribution 
changed  with  NH4OH  concentration  when  the  other  parameters 
such  as  aging  treatment  temperature  and  time  were  fixed 
(Figure  5.26).  As  discussed  earlier,  NH4OH  concentration  was 
the  most  effective  parameter  to  control  the  texture.  When  the 
concentration  reached  0.01  N,  the  substantial  change  of  pore 
size  distribution  was  completed. 

The  narrow  pore  size  distributions  resulting  from  these 
aging  treatments  should  benefit  subsequent  steps  of  sol-gel 
processing.  For  example,  the  narrow  distributions  and  larger 
pore  sizes  should  greatly  decrease  the  magnitude  of  capillary 
stresses  induced  during  drying. 

In  summary,  we  have  achieved  control  of  the  texture  of 
gel-silica  monoliths  by  varying  the  aging  treatment 
temperature,  aging  treatment  time  and  aging  medium  as  well  as 
the  drying  media.  By  controlling  either  aging  parameters, 
mainly  the  aging  medium  and  aging  time  (see  Tables  5.2  and 
5.3),  or  drying  chamber  environment  (Table  5.4),  the  average 
pore  radius  of  monolithic  gel-silica  samples  can  be  varied 
from  12  A  to  148  A  or  greater  with  very  narrow  pore  size 
distributions    around    the    mean.     The    volume    fraction  of 
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Figure  5.26 


Variation  of  pore  size  distribution 
as  a  function  of  NH40H  concentration 
for  gel-silica  samples  aged  in  NH40H 
solution  at  60°C  for  1  day. 
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porosity  can  be  varied  from  52%  to  74%.  The  shape  of  the 
pores  can  also  be  changed  from  ink-bottle-like  with  narrow 
necks  to  cylindrical  pore  open  at  both  ends . 

The  above  textural  change  greatly  broaden  the  potential 
applications  of  Type-VI  porous  gel-silicas. 

The  large  average  pore  radius  with  narrow  size 
distribution  and  the  large  volume  fraction  of  porosity  will 
provide  large  accommodation  for  foreign  molecules  with 
different  structures  and  various  sizes.  The  cylindrical  pores 
with  open  ends  and  less  necks  will  favor  the  diffusion  and 
impregnation  processes  required  to  make  optical  composites. 
The  controllable  surface  area  and  surface  chemistry  will 
provide  a  large  selection  to  match  the  chemical  nature  of 
impregnant  phases. 

5.2  Property  Changes 
5.2.1  Appearance  and  Dimension 

Series  A,  B  and  C  gel-silica  monoliths  with  various 
dimensions  (e.g.  45  x  45  x  10  mm  and  (^12  x  50  mm)  and  shapes 
including  rods,  disks,  plates  and  slabs  etc.,  were 
successfully  obtained  by  the  experimental  procedures 
described  in  the  preceding  chapter.  The  series  A  gel-silica 
samples  characterized  by  small  average  pore  radius  and  small 
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total  pore  volume  were  optically  transparent  and  clear 
throughout  the  whole  process.  In  contrast,  the  series  B  and  C 
gel-silica  samples  were  only  slightly  translucent  or  cloudy. 
Although  the  pore  sizes  of  the  sample  series  B  and  C  were 
relatively  larger  than  series  A,  obviously  they  are  still  not 
large  enough  to  scatter  the  visible  light  except  for  a  small 
amount  of  Rayleigh  Scattering.  Their  translucent  appearance 
is  due  to  the  larger  pore  volume  rather  than  larger  pore 
radius . 

The  general  trend  of  linear  dimensional  change  of 
gel-silica  samples  during  aging  in  experiment  A  can  be  seen 
in  Figures  5.27  and  5.28.  The  contraction  of  the  wet  gel 
resulting  from  syneresis  increased  rapidly  with  increasing 
aging  temperature  and  then  decreased  its  rate  when  the 
temperature  became  higher  (>60°C)  as  shown  in  Figure  5.27. 
Figure  5.28  demonstrates  the  kinetics  of  contraction.  The 
contraction  increased  with  the  increased  aging  time.  However, 
when  the  time  reached  a  critical  point,  the  contraction  of 
the  sample  eventually  stopped. 

The  contraction  behavior  of  series  B  gel-silica  samples 
is  shown  in  Figures  5.2  9  and  5.30.  Actually,  no  contraction 
of  the  wet  gel-silica  samples  was  observed  during  aging 
treatment  in  experiment  B.  In  contrast,  the  wet  gel-silica 
samples  swelled  in  the  NH4OH  solution  with  the  increase  of 
aging  treatment  temperature  as   shown   in  Figure   5.29.  Figure 
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Figure  5.27        Variation  of  contraction  as  a  function 

of  aging  temperature  for  wet  gel-silica 
samples  aged  in  their  pore  liquid  for 
various  times. 
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Figure  5.28        Variation  of  contraction  as  a  function 

of  aging  time  for  wet  gel-silica 
samples  aged  in  their  pore  liquid  at 
various  temperatures. 
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Figure  5.29        Variation  of  contraction  as  a  function 

of  aging  temperature  for  wet  gel-silica 
samples  aged  in  a  14  N  NH40H  solution 
for  various  times. 
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Figure  5.30        Variation  of  contraction  as  a  function 

of  aging  time  for  wet  gel-silica 
samples  aged  in  a  14  N  NH40H  solution  at 
various  temperatures. 
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5.30  indicates  that  the  gel-silica  samples  dilated  gradually 
with  aging  treatment  time  and  finally  reached  a  limit.  The 
final  dilation  of  the  samples  increased  with  the  aging 
treatment  temperature.  The  effect  of  aging  temperature  on  the 
dilation  is  more  profound  than  that  of  aging  time.  This  is 
the  first  time  the  swelling  phenomenon  of  gel-silica  was 
observed.  In  most  inorganic  gels,  syneresis  is  irreversible 
[93],  and  swelling  of  the  gel  has  not  been  previously 
reported  to  the  author's  knowledge. 

Comparing  the  dimensional  changes  of  series  A  and 
series  B  gel-silica  samples,  it  seems  that  between  each  set 
of  figures,  i.e.  Figures  5.27  and  5.29,  and  Figures  5.28  and 
5.30,  there  is  a  mirror  through  which  the  curves  reflect  each 
other.  In  other  words,  the  changes  in  dimension  of  series  A 
and  B  gel  samples  with  aging  temperature  and  aging  time 
followed  opposite  ways. 

5.2.2  Density 

The  true  densities  of  both  series  A  and  series  B 
gel-silica  samples  were  measured  using  mercury  pycnometry. 
Data  collected  from  more  than  fifty  samples  aged  at  different 
temperatures  (5,  25,  45,  60  and  80°C)  for  different  times 
(3-64  days)  yield  an  average  true  density  of  2.19  g/cm3  with 
a  standard  deviation  of  0.068  g/cm^   for  series  A  gel-silica 
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samples.  The  average  true  density  of  2.12  g/cm^  for  series  B 
gel-silica  samples  was  obtained  from  the  data  collected  from 
more  than  20  samples  aged  in  14  N  NH4OH  solution  at  different 
temperatures  (5,  25,  45,  60  and  80°C)  for  different  times 
(3-61  days).  The  standard  deviation  was  only  0.020  g/cm^. 

In  order  to  investigate  the  aging  behavior  more 
accurately,  the  bulk  density  of  wet  series  A  samples  was 
measured  using  their  pore  liquor  as  immersion  liquid.  It  has 
been  observed  that  the  bulk  density  of  wet  series  A 
gel-silica  samples  increased  greatly  with  both  aging  time  and 
temperature.  The  effects  of  aging  time  and  temperature  on 
bulk  density  of  the  wet  series  A  gel-silica  samples  shown  in 
Figures  5.31  and  5.32  are  very  analogous  to  that  on  the 
contraction  of  the  samples  as  shown  in  Figures  5.27  and  5.28. 
However,  after  drying,  the  effects  of  aging  treatment 
temperature  and  time  on  bulk  density  of  the  dried  samples 
were  hardly  detected.  The  bulk  density  of  dried  series  A 
gel-silica  samples  remained  almost  constant  (1.12  g/cm^) 
regardless  of  how  the  aging  parameter  changed.  This  can  be 
explained  by  the  fact  that  the  total  pore  volume  of  the  dried 
series  A  gel-silica  samples  was  nearly  unchanged  during 
aging,  as  shown  in  Figure  5.3.  Since  series  A  gel-silica 
samples  are  microporous  materials  in  which  the  trapped  water 
is  difficult  to  remove,  the  measured  densities  are  usually 
larger  than  the  actual  values.    In  practice,   the  bulk  density 
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Figure  5.31 


Variation  of  bulk  density  as  a  function  of 
aging  temperature  for  wet  gel-silica  samples 
aged  in  their  pore  liquor  for  various  times. 
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Figure  5.32 


Variation  of  bulk  density  as  a  function  of 
aging  time  for  wet  gel-silica  samples  aged 
in  their  pore  liquor  at  various  temperatures. 
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can  be  calculated  directly  from  the  BET  data  using  Figure 
5.33  by  assuming  the  true  density  of  the  gels  always  remains 
constant  (2.20  g/cm^) .  This  has  been  proved  to  be  true  in  our 
work . 

The  bulk  density  of  wet  series  B  gel-silica  samples, 
aged  in  14  N  NH4OH  solution  at  45°C  for  longer  than  3  days, 
was  observed  to  fluctuate  within  a  narrow  range  of  1.03  to 
1.05  g/cm3.  The  change  in  bulk  density  of  the  dried  samples 
with  aging  time  is  shown  in  Figure  5.34.  In  concentrated 
NH4OH  solution,  the  rapid  change  in  bulk  density  was  believed 
to  occur  within  a  very  short  time  period  as  other  changes 
did.  Therefore,  after  three  days  aging  treatment,  only  the 
final  value  of  the  bulk  density,  around  0.65  g/cm^,  of  the 
samples  was  observed  which  was  no  longer  changed  with  aging 
time.  This  final  value  is  very  close  to  the  calculated  value 
of  0.67  g/cm3  by  using  the  total  pore  volume  of  0.93  cm^/g 
from  the  BET  measurement  and  the  relationship  between  the 
bulk  density  and  the  total  pore  volume  shown  in  Figure  5.33. 

5.2.3  Mechanical  Strength 

The  microhardness  (VHN,  Vickers  hardness  number)  of 
dried  series  A  gel-silica  samples  was  found  not  to  change 
with  aging  parameters.  The  value  of  VHN  remained  around  40 
regardless  of  the  magnitude  of  aging  temperature  or  length  of 
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Figure  5.33        Theoretical  relationship  between  volume 

fraction  of  porosity,  bulk  density  and 
total  pore  volume  of  gel-silica  samples. 
Assuming  the  true  density  of  gel-silica 
is  2.20  g/cm3. 
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Figure  5.34 


Variation  of  bulk  density  as  a  function 
of  time  for  gel-silica  samples  aged  in  a 
14  N  NH40H  solution  at  45°C  . 
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aging  time.  However,  the  microhardness  of  wet  samples  did 
change  during  aging. 

The  variation  of  microhardness  as  a  function  of  aging 
time  for  wet  gel-silica  samples  aged  in  the  pore  liquor  (from 
experiment  A)  at  different  temperatures  is  shown  in  Figure 
5.35.  The  standard  deviations  of  the  data  were  within  1.0.  In 
order  to  make  the  curves  distinguishable  the  error  bares  are 
not  presented  in  the  figure.  The  microhardness  (VHN) 
increased  with  increase  in  aging  time  and  the  rate  of 
increase  became  larger  the  higher  the  aging  temperature.  That 
means  that  the  effect  of  aging  time  on  the  mechanical 
behavior  of  gels  was  strengthened  by  the  aging  temperature. 
The  curve  of  gel-silica  samples  aged  at  80°C  shows  a  sharp 
change  in  its  slope  after  4  days.  This  is  probably  due  to  the 
loss  of  the  liquid  during  the  aging  process.  The  actual  value 
of  VHN  should  be  lower  locating  somewhere  around  the  dashed 
line  illustrated  in  the  figure. 

Since  wet  gel-silica  samples  became  more  rigid  and 
elastic  during  aging  in  their  own  pore  liquor,  increasing  the 
mechanical  strength  of  gel-silica  by  this  kind  of  aging 
treatment  can  still  be  considered  as  one  of  the  most 
effective  ways  to  solve  the  cracking  problems  during  drying. 

Use  of  high  temperature  aging  is  not  always  applicable 
to  achieve  high  quality  dried  gels.  The  higher  the  aging 
temperature  and  the   longer  aging  time   used,    the   higher  the 
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Figure  5.35        Variation  of  microhardness  as  a  function 

of  aging  time  for  wet  gel-silica  samples 
aged  in  their  pore  liquor  at  different 
temperatures . 
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strength  (including  the  microhardness )  of  the  gel  that  was 
developed  (Figure  5.35).  However,  at  the  same  time,  a  larger 
contraction  was  also  obtained  (Figures  5.31  and  5.32). 
Consequently,  the  competition  between  these  two  factors  will 
build  considerable  internal  stresses  in  the  gel  which  might 
break  the  gels  during  subsequent  processing  steps.  Figure 
5.36  shows  that  dried  gels  cracked  severely  when  both  high 
aging  temperatures  and  long  aging  times  were  applied. 

During  aging  treatment  in  experiment  B,  a  contrary 
phenomenon  was  observed,  i.e.,  the  wet  gel-silica  samples 
always  became  more  plastic.  It  was  found  that  after  extensive 
NH4OH  treatments,  especially  when  an  excess  of  concentrated 
NH4OH  (e.g.  >  4  N)  was  employed,  samples  lost  their  rigidity 
and  turned  into  very  flexible  paste-like  materials  which  were 
even  partially  dissolved.  Generally  speaking,  the 
microhardness  (VHN)  of  the  wet  series  B  gel-silica  samples 
was  so  low  that  it  could  not  be  measured  by  the  available 
equipment.  However,  the  strength  of  the  gels  was  already  high 
enough  for  the  wet  gels  to  undergo  any  subsequent  process 
without  failure.  As  long  as  proper  parameters  were  optimized, 
wet  gels  with  desired  geometric  dimension  and  shape  as  well 
as  fairly  good  mechanical  strength  could  be  successfully 
produced  using  the  NH4OH  aging  treatment. 

The    strength    of    the    dried    series    B    samples  was 
generally  lower  than  that  of  the  dried  series  A  samples. 
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Figure  5.36        The  appearance  of  gel-silica  samples  aged  in 

their  pore  liquid  at  various  temperatures  for 
different  periods  of  time  after  drying  at 
180°C.    (Sample  sizes  are  in  arbitrary  scales.) 
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Table  5,5  indicates  that  the  dried  strength  of  the 
samples  aged  in  a  1  N  NH4OH  solution  at  room  temperature 
decreased  sharply  with  the  treatment  time.  The  microhardness 
(VHN)  dropped  from  40.44  to  8.98  within  only  half  an  hour  of 
aging.  After  1  hour  it  decreased  further  to  7.88  and  after  2 
hours,  1.21,  and  remained  almost  unchanged  even  when  the 
treatment  time  last  as  long  as  15  days.  The  variation  of 
microhardness  (VHN)  as  a  function  of  aging  temperature  is 
presented  in  Figure  5.37.  Although  the  data  were  slightly 
scattered  the  VHN  gradually  decreased  with  the  aging 
treatment  temperature.  The  effect  is  especially  large  for 
the  lower  NH4OH  concentrations.  The  concentration  of  NH4OH 
also  plays  an  important  role  here.  Figure  5.38  gives  a 
general  impression  that  the  VHN  of  the  samples  dropped 
drastically  with  even  low  NH4OH  concentrations  at  first  and 
then  quickly  reached  a  constant  final  value,  determined  by 
the  treatment  temperature.  Figure  5.39  reveals  the 
relationship  between  the  VHN  and  the  NH4OH  concentration  in 
greater  detail  (for  the  same  reason,  the  error  bars  are  not 
presented  in  both  figures) .  The  mechanical  property  change  of 
the  samples  occurred  within  a  very  narrow  range  (<  0.01  N)  of 
NH4OH  concentration  beyond  which  no  further  changes  were 
observed. 

In    principle,    gel-silica    samples    aged    by    a  NH4OH 
treatment    were   more    difficult    to   dry   due    to   the    loss  of 
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Table  5.5 

Variation  of  microhardness  as  a  function  of  aging  time 
for  gel-silica  samples  aged  in  a  1  N  NH4OH  solution 
at  25°C  then  dried  at  180°C 


Aging  treatment  time 


Microhardness (VHN) 


0 

30  minutes 

60  minutes 

120  minutes 

15  days 


40.44 
8.  98 
7.88 
7.27 
7  ,74 
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Figure  5.37        Variation  of  microhardness  after  drying 

at  180°C  as  a  function  of  temperature  for 
gel-silica  samples  aged  in  NH40H  solution 
with  various  concentrations  for  1  day. 
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Figure  5.38        Variation  of  microhardness  as  a  function 

of  concentration  of  NH40H  for  gel-silica 
samples  aged  in  NH40H  solution  at  various 
temperatures  for  1  day. 


154 


40 


0.00  0.01  0.02 

Concentration  (N) 

Figure  5.39        Variation  of  microhardness  as  a  function 

of  concentration  of  NH40H  for  gel-silica 
samples  aged  in  dilute  NH40H  solution  at 
various  temperatures  for  1  day. 
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mechanical  strength  during  the  treatment .  Fortunately,  once 
the  gel-silica  samples  were  dried,  they  could  easily  be 
stabilized  at  high  temperature,  e.g.  800  °C,  which  might  be 
attributed  to  less  further  contraction  during  stabilization 
than  the  series  A  gel-silica   (Table  5.6). 

5.2.4  Densif ication  Behavior 

Densif icat ion  is  the  last  treatment  process  of 
gel-silicas.  As  already  described,  densif icat ion  of  a 
gel-silica  network  occurs  between  1000-1700°C  depending  upon 
the  radii  of  the  pores  and  the  surface  area.  Controlling  the 
gel-glass  transition  is  a  difficult  problem  if  one  wants  to 
obtain  gel-silica  monoliths  with  desired  physical  properties. 
It  is  essential  to  eliminate  volatile  species  prior  to  pore 
closure  and  to  eliminate  density  gradients  due  to  nonuniform 
thermal  or  atmosphere  gradients. 

The  driving  force  of  densif icat ion  is  the  reduction  of 
specific  surface  area.  Consequently,  in  the  sol-gel 
processing  of  alcohol-derived  gel-silicas  it  has  been 
established  that  densif icat ion,  including  contraction 
behavior  during  the  gel-to-glass  conversion,  depends  greatly 
on  the  texture  of  the  gels. 

In  our  work,  both  series  A  and  B  gel-silica  samples 
were  densif ied  using  the  schedules  illustrated  in  Figure  4.5. 
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Table  5.6 
Contraction  of  gel-silica  samples 
after  aging,   drying  and  stabilization 


Contraction 

Sample       After       After         B/w              After  B/w 

series       aging       drying     a  &  d      stabilization  d  &  s 

A*              10.80%      50.01%      43.96%            55.25%  10.48% 

B**            9.12%        41.65%     35.75%            43.25%  2.74% 


** 


Gel  aged  in  its  own  pore  liquid  at  60°C  for  2  days 
then  at  25°C  for  another  2  days. 

Gel    aged    in    its  own   pore    liquid   at    60°C    for    2  days 

and  at  25°C  for  2  days  then  treated  in  a  1  N  NH4OH  for 
another  3  days . 

The  drying  and  stabilization  schedules  were  kept 
identical . 


Drying  temperature:  180°C. 
Stabilization  temperature:  800°C. 
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During  densif icat ion,  neither  gas  flow  nor  an  atmospheric 
chemical  treatment  was  employed. 

It  is  interesting  to  note  that  the  densif  icat  ion 
behavior  of  series  B  gel-silica  is  quite  different  from  that 
of  series  A  gel-silica,  including  the  regular  small  pore  size 
Type  VI  gel-silica. 

The  densif ication  of  series  A  samples  completely  failed 
due  to  the  serious  foaming  problem  which  usually  started  at 
900°C.  According  to  the  Hench  et  al.  [3],  the  regular 
gel-silica  (12  A  average  pore  radius)  which  has  a  higher 
specific  surface  area  (600-700  m^/g)  started  to  densify 
gradually  above  600°C.  The  largest  change  in  either  bulk 
density  or  total  pore  volume  of  the  gels  occurred  in  the 
temperature  range  of  900-950°C.  In  order  to  obtain  fully 
dense  Type  V  gel-silica,  chemical  dehydration  of  the  12  A 
pore  size  gels  was  required. 

Figure  5.40  shows  that  the  contraction  of  a  typical 
series  B  gel-silica  sample,  with  code  number  0.25-1-25,  which 
represents  the  sample  was  aged  in  0.25  N  NH4OH  for  1  day  at 
25°C,  started  densif ication  at  as  high  as  1000°C  and  ended  at 
1150°C. 

It  seems  that  full  density  was  reached  at  1150°C.  After 
densif ication  at  1200°C  for  4  hours  the  final  contraction  of 
this  series  B  gel-silica  samples  was  62.25%.  Since  the  series 
B   gel-silica    samples    shrank   much    less    than   the    series  A 
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Figure  5.40 


Contraction  with  densif ication  temperature 
for  gel-silica  samples  aged  in  a  0.25  N 
NH40H  solution  at  25°C  for  1  day. 
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samples  after  drying,  or  even  after  stabilization  (Table 
5.6),  the  most  significant  contraction  of  series  B  samples 
occurred  during  densif icat ion .  It  is  surprising  that  for 
0.25-1-25  gel-silica  samples  with  dimension  as  large  as  45  x 
45  X  10  mm,  the  yield  of  densif ication  remained  almost  100%, 
without  cracking  and  foaming,  and  the  total  densif icat ion 
time  was  only  about  38  hours,  i.e.  less  than  the  2  days  often 
required  to  make  Type  V  gel-silica.  The  resultant  gel-silica 
samples  had  good  optical  properties  which  will  be  discussed 
later . 

The  possible  reasons  for  the  above  phenomena  are 
believed  to  rely  on  the  gel  texture.  The  texture  of  series  A 
gel-silica  was  featured  by  its  large  surface  area,  small  pore 
size  and  broad  pore  size  distribution  as  discussed  in 
preceding  sections.  Therefore,  during  densif icat ion,  the 
large  driving  force  resulting  from  the  large  surface  area 
made  the  sintering  process  start  at  low  temperature  and 
proceed  rapidly.  Due  to  the  broad  pore  size  distribution,  the 
pores  were  closed  at  different  times.  The  smaller  size  pores 
usually  collapsed  first  because  of  their  higher  "solubility" 
which  blocked  the  path  of  the  remaining  volatile  species  to 
the  outside  atmosphere  and  consequently  caused  the  foaming  or 
bloating  problems. 

It  is  the  textural  features  of  the  series  B  gel-silica 
samples,    including  a  relatively  low  surface  area  and  a  large 
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average  pore  radius  with  narrow  pore  size  distribution,  that 
helped  the  gels  avoid  foaming  during  densif icat ion .  A  low 
driving  force  due  to  low  specific  surface  area  allowed  the 
sintering  process  to  take  place  at  a  higher  temperature  with 
a  relatively  slower  rate.  The  larger  pore  size  makes  it 
easier  for  the  volatile  species  to  diffuse  out  of  the  gels 
and  allows  more  complete  thermal  dehydration  to  occur  prior 
to  pore  closure.  The  narrow  pore  size  distribution  ensured 
that  all  of  the  pores  inside  the  gels  collapsed  almost  at  the 
same  time  during  the  final  stage  of  sintering  and  resulted  in 
a  foam-free  structure. 

The  ease  of  densif ication  might  also  be  related  to  the 
good  thermal  shock  resistivity  of  the  series  B  gel-silica 
sample.  The  stabilized  series  B  samples  were  rarely  cracked 
or  broken  during  grinding  and  polishing  which  often  happened 
to  the  samples  of  series  A. 

Figure  5.41  demonstrates  that  the  microhardness  (VHN) 
of  the  samples  changed  with  densif icat ion  temperature  in  the 
same  way  that  contraction  did.  The  initial  VHN  of  series  B 
gel-silica  samples  was  much  lower  than  that  of  series  A. 
However,  VHN  increased  rapidly  after  1100°C  and  finally 
reached  a  value  of  630  at  1200°C  which  is  almost  as  same  as 
Vasconcelos  reported  for  the  densified  80  A  HF  based 
gel-silica  samples  [96]  and  identical  to  the  final  density  of 
densified  series  A  samples  as  well. 
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Figure  5.41        Variation  of  microhardness  as  a  function 

of  densif ication  temperature  for  gel-silica 
samples  aged  in  a  0.25  N  NH40H  solution  at 
25°C  for  1  day. 
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It  is  very  promising  that  the  aging  treatment  can  be 
used  as  an  effective  process  to  produce  monolithic  optical 
materials,  such  as  lenses  or  preforms  of  fibers,  requiring 
less  or  even  no  chemical  dehydroxylation  treatments  which 
employ  toxic  gases,  such  as  chlorine.  Other  procedures  such 
as  incremental  heat-treatments  or  vacuum  processing  are  also 
not  required  during  densif icat ion  of  the  NH4OH  aged  gels. 

The  textural  change  of  series  B  gel-silica  as  a 
function  of  densif icat ion  temperature  was  also  investigated. 
Figures  5.42,  5.43  and  5.44.  show  the  variation  of  the 
surface  area,  the  total  pore  volume  and  the  average  pore 
radius  as  a  function  of  densif icat ion  temperature  for  the 
0.25-1-25  gel-silica  samples,  sometimes  called  90  A 
gel-silica  samples  based  on  their  average  pore  radius. 
Compared  with  the  textural  change  of  series  A  gel-silica 
samples,  e.g.  the  12  A  gel-silica  samples,  with  densif icat ion 
temperature  shown  in  Figures  3.2  and  3.3,  the  following 
differences  were  found.  The  variation  of  the  the  texture  of 
series  A  samples  with  densif ication  temperature  started  at  a 
lower  temperature  (around  600°C)  than  that  of  series  B,  then 
continued  gradually  and  finally  ended  at  1200°C.  However,  the 
textural  change  of  series  B  gel-silica  samples  were 
relatively  stable  over  a  broader  temperature  range.  The 
surface  area,  the  total  pore  volume  and  the  average  pore 
radius    remained    nearly    constant    until    the    densif icat ion 
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Variation  of  surface  area  of  90  A  average 
radius  gel-silica  samples  as  a  function  of 
processing  temperature. 
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Figure  5.43 


Variation  of  total  pore  volume  of  90  A 
average  radius  gel-silica  samples  as  a 
function  of  processing  temperature. 
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Figure  5.44 


Variation  of  average  pore  radius  of 
90  A  gel-silica  samples  as  a  function 
processing  temperature. 
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temperature  reached  1000°C  then  dropped  drastically.  The 
completion  of  densif ication  was  observed  at  1150°C. 

DeHoff  [199]  proposed  that  as  in  biology  science 
function  follows  form;  then  in  materials  science,  structure 
determines  properties.  Therefore,  in  order  to  study 
completely  a  material,  two  basic  characteristics  of  the 
structure  have  to  be  defined: 

1)  The  constitution  of  the  structure,  in  terms  of  its 
chemical  composition  and  components  (e.g.,  its  thermodynamic 
phases) . 

2)  The  geometry  of  the  structure,  which  is  described 
by  two  types  of  parameters  :  metric  and  topological 
parameters . 

The  metric  properties  of  a  structure  include  the  change 
when  the  structure  is  stretched,  distorted  or  twisted 
[199-208]  .  The  topological  properties  include  any  property 
which  is  unchanged  when  the  structure  is  stretched, 
distorted,  or  twisted  without  limit,  so  long  as  it  is  neither 
torn  nor  joined  to  itself  during  the  deformation.  Topological 
properties  thus  are  closely  related  to  the  connectivity  of  a 
texture  and  are  a  measure  of  the  "connectivity"  of  a 
structure.  Topological  properties  are  independent  of  details 
of  shape  and  size  and  precisely  because  topology  abstracts 
geometric  properties  without  concern  about  metric  detail  they 
are  valuable  in  characterizing  complex  structures. 
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Rhines  [209]  added  to  the  metric  parameters  the 
topological  concepts  that  provide  complementary  information 
about  the  sintering  process  [115,199,200,206].  In  topological 
terms  the  densif ication  process  can  be  divided  into  three 
stages,  according  to  the  genus  [209]  (which  is  defined  as  the 
maximum  number  of  non-self-reentrant  closed  curves  that  may 
be  constructed  on  the  surface  without  dividing  it  into  two 
separate  parts)    [200] : 

First  stage:  growth  of  weld  necks  while  the  genus 
remains  constant. 

Second  stage:  the  genus  decreases  to  zero  as  the  pores 
become  isolated. 

Third  stage:  the  genus  remains  constant  at  zero  while 
the  number  of  pores  goes  to  zero. 

The  introduction  of  topological  parameters  to  the 
structural  characterization  of  gel-silica  yields  information 
that  is  not  visible  by  considering  metric  parameters  only. 
One  important  application  of  topological  characterization  is 
the  characterization  of  an  interconnected  pore  structure 
suitable  for  diffusion,  doping,  catalyst,  and  impregnation 
procedures.  In  those  cases,  knowledge  about  the  volume  or 
surface  area  of  pores  is  not  enough  to  characterize  the 
structure,  because  one  has  to  know  the  extent  of 
interconnection  of  the  structure. 
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Vasconcelos  [96]  proposed  two  topological  models  to 
describe  the  evolution  of  texture  of  alkoxide  based 
gel-silicas:  one  based  on  tetrahedrally  shaped  pores,  and  one 
based  on  cylindrically  shaped  pores. 

The  first  topological  model  developed  assumes  a 
prismatic  geometry  in  which  the  pores  are  tetrahedra 
connected  by  triangular  prisms.  The  second  model  uses  a 
cylindrical  geometry  (Figure  5.45)  in  which  all  the  volume 
and  all  the  surface  area  is  associated  with  the  cylindrical 
branches  of  the  texture.  In  this  case  a  node  represents  the 
point  where  the  branches  meet  and  it  has  no  volume  associated 
to  it.  The  cylindrical  model  assumes  a  constant  number  of 
nodes  for  the  entire  process,  and  the  coordination  number 
varies  from  4  to  0 .  Correlating  the  volume  fraction  of  pores 
(V^)  ,  the  surface  area  of  pores  per  unit  volume  (Sy^)  ,  one 
obtains  a  unique  set  of  solutions  that  yield  the  average 
branch  size  (L)  ,  and  the  average  pore  diameter  (D)  to  a 
particular  geometry,  the  number  of  branches  (B^) ,  number  of 
nodes   (N-y)  ,  the  genus   (G^)  : 

D  =    (5.9) 

Sv 


L  = 


4 (1-Vv) 


(5.10) 
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Figure  5.45 


Cylindrical  geometric  model  [96] 
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Bv  =    (5.11) 

16pVv(l-Vv) 


Nv  =    (5.12) 


where  Bv^  corresponds  to  the  number  of  branches  of  an 
arbitrary  reference  state. 

Gv  =  Bv-Nv+1  (5.12) 

The  topological  concepts  as  mentioned  above   (for  detail 
see  ref.96)   were  applied  to  the  90  A  gel-silica  samples  using 
the  cylindrical  model,   which  is  obviously  more  reasonable  to 
be    used    in    our    work    based    upon    the    adsorption  isotherm 
hysteresis   discussed  earlier.    Since   the   number   of  nodes  is 
assumed   constant    during   the    second   stage   of   densif icat ion 
and     genus     is     constant     during     the     third     stage  of 
densif ication,   the  number  of  branches  is  a  useful  parameter 
for    following    the    evolution    of    texture.     The  results, 
including  the  variation  of  surface  area  of  pores  per  volume 
(Sv)  ,    the   volume   fraction   of   pores    (Vv)    and  the   number  of 
branches    (Bv)   as  a  function  of  the  processing  temperature  are 
shown   in  Figure   5.4  6,    5.47   and  5.48.    The   comparison  of  this 
work  to  Vasconcelos'    [96]   is  presented  in  Figure  5.49. 
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Figure  5.46        Variation  of  surface  area  per  unit 

volume   (Sv)   as  a  function  of 
processing  temperature  for  90  A 
average  pore  radius  gel-silica 
samples  . 
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Figure  5.47        Variation  of  volume  fraction  of 
porosity   (Vv)   as  a  function  of 
processing  temperature  for  90  A 
average  radius  gel-silica  samples  . 
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Figure  5.48        Variation  of  the  number  of  branches  (Bv) 

of  90  A  average  radius  gel-silica  samples 
as  a  function  of  processing  temperature. 
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Figure  5.49        Variation  of  the  number  of  branches  (Bv) 

as  a  function  of  temperature  for  gel-silica 
samples  with  12  A,   32  A  and  90  A  average  pore 
radius.   12  A  and  32  A  data  from  [96]. 
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It    has    been    shown    that    while    B,^    for   the    12   A  pore 
radius  structures  deceases  gradually  after  600°C,  for  the 

90  A  pore  radius  structure  remains  roughly  the  same  (in  fact 
it  increases  slightly)  over  a  much  broader  temperature  range. 
The  sharp  change  of  the  number  of  branches  (Bv)  of  90  A 
average  pore  radius  gel-silica  samples  started  at  1100°C. 
When  the  sintering  temperature  reaches  1150°C,  the  Bv 
suddenly  dropped  from  lO-'-^  to  lO-^-'-  per  cm^  indicating  that 
the  collapse  of  the  structure  occurs  within  a  very  narrow 
temperature  range,  here  only  50  degrees.  However,  the 
densif ication  behavior  of  90  A  pore  radius  gel-silica  samples 
seems  different  from  that  of  the  32  A  pore  radius  gel-silica 
samples.  Though  the  average  pore  size  of  the  former  is  about 
three  times  as  large  as  that  of  the  later,  the  densif ication 
of  90  A  gel-silica  samples  completes  at  a  lower  temperature 
than  that  of  the  32  A  samples.  A  possible  explanation  is  a 
difference  of  pore  size  distribution.  The  pore  size 
distribution  of  series  B  gel-silica  samples  is  much  narrower 
than  those  obtained  by  HF  catalysis  used  in  making  the  32  A 
gels.  Material  made  by  monodispersed  particles  is  easier  to 
be  sintered  as  shown  by  Sacks  and  Sheu  [210]  .  Thus 
gel-silica  with  monodispersed  pores  inside  are  easier  to  be 
densif ied . 

The   series   B   gel-silica   samples   were  proven   to  have 
good  connectivity  of  the  pores.   Since  the  second  stage  of  the 
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densif  icat  ion  was  not  observed,  or  at  least  was  not 
significant  compared  with  the  other  two  stages,  the  pores  did 
not  gradually  become  isolated  with  increasing  densif ication 
temperature.  When  the  temperature  reached  a  critical  point 
(say  1150°C)  the  first  stage  of  sintering  suddenly  jumped  to 
the  third  stage  skipping  the  second  stage. 

In  the  relatively  long  first  stage,  the  texture 
remained  almost  constant  and  the  pores  remained 
interconnected.  However,  the  surface  chemistry  (silanols) 
changed  with  the  densif ication  temperature  which  ensures  that 
gel-silica  samples  have  the  same  texture  but  various  surface 
chemistry  states  to  meet  different  needs. 

Thus,  application  of  topological  modeling  to  the 
densif icat ion  of  sol-gel-derived  nanometer-scale  structures 
reveals  the  same  principles  as  determined  for  the  sintering 
of  micrometer  to  millimeter  scale  powder  structures.  As  shown 
in  the  next  section,  the  topological  evolution  of  the  gel 
structure  can  be  related  to  physical  properties  and  presents 
potentially  useful  information  that  is  complementary  to 
traditional  metric  parameters. 

5.2.5  Optical  Properties 

The  most  troublesome  impurity,  "water",  either  free 
water    within    the    ultraporous    gel-silica    structure  (i.e., 
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physical  water) ,  or  hydroxyl  groups  associated  with  the 
gel-silica  surface  (i.e.,  chemical  water)  can  be  easily 
detected  in  a  UV-VIS-NIR  spectrophotometer  by  their 
characteristic  vibrations  absorption  peaks,  overtones  and 
their  combinations .  Consequently,  the  optical  properties  of 
the  porous  gel-silica  monoliths  are  usually  evaluated  by  use 
of  UV-VIS-NIR  spectra.  The  vibration  designation  and  the 
vibrational  overtones  and  combinations  of  hydroxyl  groups  and 
their  associated  molecular  water  are  presented  in  Table  5.7 
and  5.8    [4]  respectively. 

The  UV-VIS-NIR  transmission  spectra  of  series  B 
gel-silica  samples,  0.25-1-25,  heat-treated  at  different 
temperatures  of  180,  400,  600,  800,  1000,  1100,  1150  and 
1200°C  are  shown  in  Figures  5.50-5.57.  The  textural  change  of 
the  samples  with  densif icat ion  temperature  are  listed  in 
Table  5.59.  Although  the  texture  of  series  B  gel-silica 
samples  was  remarkably  different  from  the  regular  Type  VI 
gel-silica,  it  has  been  found  that  their  important  absorption 
peaks  and  bands  shown  in  the  spectra  were  identical  and  were 
in  good  agreement  with  those  discovered  by  previous 
researchers  [85,211-217]. 

At  first,  all  the  major  peaks  at  938.95  nm  (3V3), 
1237.85  nm  (  [  (2V3+V0H)  +  (2V2+Voh) ] /2,  1366.12  nm  (2V2) ,  1408.44 
nm  (2V3),  1459.85  nm  (2V4),  1890.35  nm  (V3+2V0H) /  and  2207.51 
nm    (V2+V0H)    were   observed   in   the    spectra.    In   general,  the 
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Table  5.7 

Identification  of  molecular  vibrations 
in  gel-silica  optical  spectra 


Identification  Type  of  vibration 


VoH  an  out-of -plane  bending 

vibration  of  silanol  groups 

stretching  vibration  of 
an  isolated  silanol  group 
with  no  interaction  with 
water  molecules 

V2  stretching  vibration  of 

the  adjacent  silanol  groups 

V3  stretching  vibration  of 

the  adjacent  silanol  groups 
with  hydrogen  bonded  water 

V4  stretching  vibration  of 

absorbed  water 


179 


Table  5.8 

Absorption  peaks  of  the  pore  water  and  the  surface  hydroxyl 
groups  of  gel-silica  monoliths 


Wavelength         Identification  Observation  command 

(nm) 


2919 . 70 

a  broad  peak  on  a  broad  band 

2816.88 

V3 

a  tiny  peak  on  a  broad  band 

2732 .24 

V2 

a  joint  of  two  small  peaks 
at  2768.90  nm  and  2698.90  nm 

2668.80 

Vl 

a  very  sharp  symmetric  peak 

2262 .48 

V4+V0H 

a  broad  band  no  peak 

2207 .51 

V2+VOH 

a  high  broad  asymmetric  peak 

1890.35 

V3+2V0H 

a  high  broad  asymmetric  peak 

1459.85 

2V4 

a  tiny  peak  on  a  broad  band 

1408.44 

2V3 

a  small  peak  on  a  broad  band 

1366. 12 

2V2 

a  very  sharp  symmetric  peak 

1237  .85 

[  (2V3+Voh)  +  (2V2+Voh) ]/2          a  small  peak 

1131.21 

2V3+2VOH 

a  tiny  peak 

938. 95 

3V3 

a  small  peak 

843.88 

3V3+VOH 

no  peak  observed 

704 .22 

4V3 

a  tiny  peak 

Source:  [4] 
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Figure  5.50        UV-VIS-NIR  spectrum  of  90  A  gel-silica 

samples  dried  at  180°C. 
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Figure  5.51        UV-VIS-NIR  spectrum  of  90  A  gel-silica 

samples  heat-treated  at  400°C. 
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Figure  5.52        UV-VIS-NIR  spectrum  of  90  A  gel-silica 

samples  heat-treated  at  600°C. 
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Figure  5.53        UV-VIS-NIR  spectrum  of  90  A  gel-silica 

samples  heat  treated  at  800°C. 
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Figure  5.54        UV-VIS-NIR  spectrum  of  90  A  gel-silica 

samples  heat-treated  at  1000°C. 
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Figure  5.55        UV-VIS-NIR  spectrum  of  90  A  gel-silica 

samples  heat-treated  at  1100°C. 
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Figure  5.56        UV-VIS-NIR  spectrum  of  90  A  gel-silica 

samples  heat-treated  at  1150°C. 
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Figure  5.57        UV-VIS-NIR  spectrum  of  90  A  gel-silica 

samples  heat-treated  at  1200°C. 
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intensity  of  all  absorption  peaks  gradually  decreased  as  the 
temperature  increased.  The  tiny  peak  at  1459.85  nm  (2V4)  on  a 
broad  band  disappeared  after  600°C.  After  1100°C,  the  small 
peak  at  1408.44  nm  (2V3)  disappeared.  However,  when  the 
densif ication  temperature  reached  1150°C,  a  sudden  change 
occurred.  All  the  remaining  peaks  except  those  two  at  1366.12 
nm  (2V2)  and  2207.51  nm  (V2+V0H)  (note:  they  both  are  related 
to  V2)  were  vanished.  At  the  same  time,  the  UV  cut-off  (50% 
transmission)  greatly  shifted  to  the  low  wavelength  side. 
With  further  increasing  the  densif ication  temperature,  the 
intensity  of  the  peaks  at  at  1366.12  nm  (2V2)  and  2207.51  nm 
(V2+V0H)   decreased  but  still  remained. 

It  should  be  noted  that  due  to  the  resolution  of  the 
available  equipment,  the  absorption  peaks  such  as  those  at  at 
2207.52  nm,  2262.48  nm,  2668.80  nm,  2732.24  (V2 )  ,  2816.88 
(V3) ,  and  2919.70  nm  (V4),  can  not  be  clearly  identified.  They 
form  a  broad  absorption  band  in  a  region  with  wavelength 
longer  than  2  600  nm  in  the  spectra.  The  width  of  the  band 
decreased  with  the  increased  densif ication  temperature. 

Figure  5.58  shows  that  the  optical  property  of  the 
0.25-1-25  gel-silica  sample  densif led  at  1200°C  without  any 
other  special  treatment  is  already  identical  to  that  of  the 
commercial  fused  quartz  cuvette. 

Figure  5.59  demonstrates  the  effect  of  humidity  in  the 
environment    on   the   UV-VIS-NIR    spectra    of   the    90   A  porous 
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Figure  5.58        UV-VIS-NIR  spectra  of   (a)    90  A  gel-silica 

samples  heat-treated  at  1200°C  for  4  hours 
and  (b)   commercial  fused  quartz  cuvette. 
(Note  that  the  gel-silica  sample  was  much 
thicker  than  the  fused  silica   (Type  III) 
cuvette . 
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gel-silica.  The  samples,  after  densif icat ion  at  1000°C,  were 
purposely  exposed  to  ambient  atmosphere  for  different  time 
periods,  such  as  1  hour,  2  hours,  4  hours  and  24  hours.  All 
peaks  except  those  at  1366.12  nm,  2207.51  nm  increased  their 
intensities  with  exposure  time.  The  increase  of  1408.44  nm, 
1459.85  nm  and  1890.35  nm  peaks,  which  are  related  to  V3  and 
V4,  indicated  that  during  the  exposure  time  considerable 
amount  of  water  was  trapped  in  the  samples  and  some  of  them 
were  hydrogen  bonded  to  the  adjacent  silanol  groups. 

The  texture  of  0.25-1-25  gel-silica  samples  heat 
treated  at  different  temperatures  is  listed  in  Table  5.9. 
It  has  been  proven  that  the  textural  change  of  gel-silica 
samples  did  not  significantly  affect  the  optical  properties. 
The  only  variation  observed  for  the  samples  with  different 
textures  is  a  shift  of  the  UV-cutoff  to  higher  wavelengths 
with  larger  average  pore  radius   (Figure  5.60). 

Good  optical  properties  combined  with  interconnected 
porosities  suitable  for  impregnation  make  it  possible  to  use 
NH4OH  aging  treated  gel-silica  monoliths  as  matrixes  to 
produce  high  quality  optical  devices. 
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Figure  5.59        UV-VIS-NIR  spectrum  of  90  A  gel-silica 

samples  heat-treated  at  1000°C,  then 
placed  in  open  air  for  different  times: 

(a)   0  hour,    (b)   1  hour,    (c)   2  hours  and 

(d)   24  hours. 
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Table  5.9 
Variation  of  texture 
as  a  function  of  heat  treatment  temperature 
for  gel-silica  samples  aged  in  a  0.25  N  NH4OH  solution 

at  25°C  for  24  hours 


Sample        Heat  treatment         Surface  Pore  Pore 

ID  temperature  area  volume  radius 

{°C)  (m2/g)  (cm3/g)  (A) 


S-180 

180 

224 

1.05 

93.9 

S-600 

600 

230 

1.03 

89.4 

S-800 

800 

224 

1.01 

90.7 

S-1000 

1000 

217 

0.98 

89.9 

S-1050 

1050 

199 

0.85 

85.2 

S-1100 

1100 

144 

0.45 

62  .3 

S-1150 

1150 

0.46 

S-1200 

1200 

0.13 
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Figure  5.60        UV  cutoffs  for  Types  II  and  III  optical 

silica.   Type  V  fully  dense  optical  silica, 
and  Type  VI  porous  optical  matrices. 
Variation  of  UV  cut-off  with  stabilization 
temperature  and  pore  size  of  Type  VI 
matrices  is  illustrated. 


CHAPTER  VI 
POSSIBLE  AGING  MECHANISMS 

6.1  Aging  Mechanisms 

So  far  aging  has  been  proved  very  important  in  sol-gel 
processing.  The  aging  step,  depending  upon  the  conditions 
under  which  it  has  been  conducted,  cannot  only  be  used  to 
increase  the  strength  of  gel-silica  monoliths  to  avoid 
cracking  during  drying  but  also  to  control  the  texture  of  the 
gel-silicas  to  produce  new  types  of  porous  materials. 

As  already  discussed,  in  experiment  A,  the  texture 
including  the  surface  area,  the  total  pore  volume  and  the 
average  pore  radius  of  the  gel-silica  samples  did  not  change 
significantly  with  the  aging  time  and  the  aging  temperature, 
while  in  experiment  B,  by  varying  aging  parameters  such  as 
aging  time,  aging  temperature  and  especially  aging  medium, 
the  texture  of  gel-silica  monoliths  changed  drastically.  It 
has  also  been  observed  that  other  properties  such  as 
contraction,  density  and  mechanical  strength  of  series  A  and 
series  B  gel-silica  monoliths  changed  in  quite  different 
ways . 
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All  the  results  indicate  that  there  must  be  at  least 
two  different  mechanisms  which  govern  the  aging  process 
independently  or  simultaneously. 

Since  the  main  difference  between  experiments  A  and  B 
was   the  aging  medium:   pore   liquor  was  used  in  experiment  A 
and  NH4OH  in  experiment  B,   the  difference  in  aging  mechanisms 
should  be  closely  related  to  the  nature  of  the  aging  media. 
The  pH  is  believed  of  the  most  importance. 

Figure  6.1  shows  the  relationship  between  pH  and  the 
concentration  of  NH4OH.  In  fact,  the  texture  of  the 
gel-silica  samples  changed  in  the  same  way  the  pH  changed 
with  NH4OH  concentration.  So  the  concentration  effect  can 
also  be  referred  as  pH  effect. 

Figure  6.2  shows  the  variation  of  pH  as  a  function  of 
aging  time  for  series  B  gel-silica  samples  after  aging 
treatment.  It  can  be  seen  that  the  pH  of  the  pore  liquor  was 
less  than  2  no  matter  how  the  aging  temperature  changed, 
represented  by  the  starting  points  at  0  concentration  in  the 
Figure.  The  pH  of  most  NH4OH  solutions,  however,  was  in  the 
range  of  9  to  13  which  was  much  higher  than  the  pore  liquor. 
Figure  6.3  shows  that  the  sharp  increase  of  the  pH  with  NH4OH 
concentration  occurred  in  a  very  dilute  concentration  range. 
When  the  NH4OH  concentration  reached  0.01  N,  the  rate  of  the 
change  decreased  and  the  pH  finally  approached  a  constant 
value    (the    slight    decrease    of    this    final    value    with  the 
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Figure  6.1        Variation  of  pH  as  a  function  of  NH40H 
concentration . 
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Figure  6.2        Variation  of  pH  as  a  function  of 

initial  NH40H  concentration  of  the 
solution  in  which  the  gel-silica 
samples  were  aged  for  1  day  at 
different  temperatures. 
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Figure  6.3        Variation  of  pH  of  the  solution  as  a 

function  of  initial  NH40H  concentration 
(dilute)  before  and  after  aging  at 
different  temperatures  for  24  hours. 
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increased  aging  temperature  shown  in  Figure  6.2  was  probably 
due  to  the  decomposition  of  NH4OH  and  the  evaporation  of 
ammonia)  .  This  tend  is  in  good  agreement  with  the  ways  in 
which  the  NH4OH  concentration  affected  the  texture  and  other 
properties  of  the  gel-silica.  Actually,  the  texture  and 
properties  of  gel-silica  were  affected  by  the  pH  due  to  the 
influence  of  pH  on  to  the  solubility  of  the  silica. 

The  solubility  of  either  crystalline  or  amorphous 
silica  and  the  effects  of  temperature,  pH,  electrolytes, 
impurity,  particle  size  and  the  solvent  has  been  extensively 
investigated  and  exhaustively  reviewed  by  Iler  [39]  .  The 
solubility  of  amorphous  silica  versus  pH  at  different 
temperatures  is  shown  in  Figure  6.4. 

Similar  evidence  of  the  importance  of  pH  and 
temperature  on  silica  solubility  is  also  provided  by  our 
work.  Figure  6.5  shows  the  variation  of  Si  ion  concentration 
in  solution  resulting  from  the  ICP  measurements  as  a  function 
of  aging  treatment  time  when  10  x  10  x  40  mm  gel-silica 
samples  were  treated  in  50  ml  0.10  N  and  0.25  N  NH4OH 
respectively.  Figure  6.6  reveals  the  aging  temperature 
effect.  The  concentration  of  Si  ion  changed  rapidly  during 
the  early  stage  of  the  treatment  (shown  more  clearly  in  Table 
6.1)  then  gradually  approached  a  final  value.  The  amount  of 
Si  in  solution  at  the  end  which  was  an  indication  of  the 
equilibrium  between  dissolution  and  reprecipitat ion  of  silica 
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Figure  6.4        Solubility  of  amorphous  silica  versus 
pH  at  different  temperatures.  From 
Her  [39]  . 
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Figure  6.5        Variation  of  Si  concentration  in  solution 
as  a  function  of  aging  time  for  gel-silica 
samples  aged  at  25°C  in  (a)   0.10  N  and 
(b)    0.25  N  NH40H. 
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Figure  6.6        Variation  of  Si  concentration  in  solution 
as  a  function  of  aging  temperature  for 
gel-silica  samples  aged  in  a  0.10  N  NH40H 
for  4  days. 
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Table  6.1 
Variation  of  Si  ion  concentration 
in  the  solution  as  a  function  of  aging  time 
for  gel-silica  samples  aged  in  NH4OH  solution  at  25°C 

Si  concentration  (ppm) 


Treatment  time   (minutes)  in  0.01  N      in  0.25  N 


5 

8.1 

9.8 

10 

8.8 

26.7 

15 

14  .  6 

32.4 

30 

31.9 

56.3 

60 

35.4 

122  .5 

120 

93.4 

128.  9 

1440 

116.2 

222  .8 

5760 

115.0 

211.7 
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and  was  obviously  determined  by  the  concentration  of  NH4OH 
and  the  aging  temperature. 

Alexander,  Broge,  and  Iler  [218]  proposed  that  the 
aging  mechanism  of  silica  is  Ostwald  ripening  which  is  the 
process  of  growth  of  large  particles  at  the  expense  of 
smaller  ones  due  to  the  diminishing  surface  energy.  They 
believed  that  once  the  liquid-solid  interfaces  are  created, 
further  structural  changes  which  occur  during  aging  can  be 
attributed  primarily  to  surface  energy  effects.  The  silica 
from  a  gel  structure  of  smaller  radius  dissolves  and  deposits 
on  the  larger  or  thicker  region  of  the  surface.  It  is  also 
well  known  that  surfaces  exhibiting  positive  radii  of 
curvature  dissolve  more  readily  than  surfaces  exhibiting 
negative  radii  of  curvature.  Therefore,  as  the  dissolution 
increases  (e.g.  by  increasing  temperature  or  pH) ,  dissolution 
and  redeposition  result  in  neck  formation  (Figure  6.7).  In 
most  cases,  the  terms  of  Ostwald  ripening  and  neck  formation 
(necking)  are  used  interchangeably  and  they  are  considered 
the  same  mechanism  of  aging.  These  concepts  appear  to  be 
always  true  for  aqueous  silicates  or  particulate  gel-silicas. 
As  mentioned,  aging  governed  by  this  mechanism  results  in  a 
one-way  process:  loss  of  specific  area  and  an  increase  in 
pore  size  which  has  been  well  described  by  Iler   [39] . 

Recently,    some  investigators    [88]   have  argued  that  the 
aging  mechanism   of   polymeric   gel-silicas   may   be  different 


Figure  6.7 


Dissolution  and  reprecipitation 
causes  growth  of  necks  between 
particles.  [39] 


206 


from  that   of  colloidal   silica    [219]  .  In  contrast  to  aqueous 
systems,    in  most   alkoxide   derived  gel-silica,  condensation 
begins  before  hydrolysis  is  complete  and  continues  long  after 
the  gelation  point    [219] .    Since  the   solubility  of  silica  in 
alcohols   is  much  less  than  in  water,    especially  when  the  pH 
is  lower,   there  can  be  comparatively  little  rearrangement  or 
"ripening"     to     more     highly     compacted     states.  Hence, 
condensation  is  a  possible  mechanism  of  aging.  Unfortunately, 
the    available    data    on    aging    of    alkoxide    based    gels  is 
extremely    limited    and   therefore    the    understanding    of  the 
aging    mechanism    for    alcohol    gel-silica    system    is  still 
lacking . 


6.2  Models  for  Aging  Process 


Since  silica  does  not  dissolve  at  low  pH,  especially  in 
the  presence  of  alcohol,  the  acidic  pore  liquor  has  little 
effect  on  the  texture  of  wet  gels.  In  experiment  A,  the 
general  trend  of  textural  change  due  to  an  Ostwald  ripening 
mechanism  was  not  observed.  Thus  we  proposed  that  in 
experiment  A  the  condensation  reaction  dominated  the  entire 
aging  process.  Owing  to  the  insolubility  of  silica  under  the 
conditions  of  the  experiment,  the  gel  texture  could  not 
undergo  rearrangement . 
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For  experiment  B,  however,  the  aging  mechanism  was 
relatively  complicated.  Though  the  so-called  one-way  process 
in  textural  change  was  observed,  it  could  not  simply  propose 
that  the  aging  mechanism  was  more  than  just  Ostwald  ripening. 
It  is  well  established  that  the  presence  of  H30''"  in  the 
solution  increases  the  rate  of  the  hydrolysis  reaction 
whereas  0H~  ions  increase  the  condensation  reaction  [92]. 
Since  the  pH  increased  drastically  at  the  very  early  stage  of 
aging  the  texture  and  other  properties  of  the  wet  gel  were 
established  at  that  period  of  time  by  a  condensation 
reaction.  Ostwald  ripening  or  neck  formation  and  growth 
predominated  in  the  later  stage  of  the  aging  process  and 
played  secondarily  important  roles . 

In  order  to  describe  these  mechanisms  more  clearly,  two 
models,  model  A  and  model  B,  indicative  of  the  aging 
processes  in  experiments  A  and  B  are  schematically 
illustrated  in  Figures  6.8  and  6 . 9, respectively . 

In  principle,  the  gel  texture  is  determined  by  the 
relative  rates  of  the  hydrolysis  and  condensation  reactions. 
As  already  mentioned,  the  simultaneous  occurrence  of 
hydrolysis  and  condensation  reactions  in  the  sol  result  in 
polymeric  structures.  It  has  been  proved  [92]  that  chain 
structures  are  more  likely  to  be  formed  than  ring  structures 
during  the  polycondensat ion  reaction,  especially  in  the  early 
stages  of  hydrolysis  and  condensation.   Since  the  sol  is  acid 
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Experiment  A 


Aging  proceeds 


Figure  6.8 


Proposed  model  of  textural  evolution 
during  aging  for  gel-silica  aged  in  the 
pore  liquor. 
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Aging  proceeds 


Figure  6.9 


Proposed  model  of  textural  evolution 
during  aging  for  gel-silica  aged  in  an 
NH40H  solution. 
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catalyzed,  the  rate  of  hydrolysis  is  much  faster  than  the 
rate  of  condensation.  Thus  we  propose  that  the  polymeric 
structure  is  a  coil-like  structure  in  which  coils,  or 
polymeric  clusters,  are  formed  by  linear  chains  through 
entanglement . 

In  the  sol,  when  two  hydrolyzed  monomers  encounter  each 
other,  the  condensation  reaction  may  occur  between  the 
functional  groups  (OH  or  OR,  aqueous  condensation  or  alcohol 
condensation  respectively)  to  form  a  dimer.  When  two  dimers 
or  one  dimer  and  one  monomer  meet  each  other,  a  higher  level 
member  chain  is  formed.  Afterwards  the  situation  becomes  more 
complicated.  When  one  end  of  a  chain  reacts  with  another  end 
of  itself,  a  ring  forms.  Moreover,  if  there  is  no  steric 
effect  the  condensation  reaction  may  take  place  between  any 
pair  of  the  functional  groups  wherever  they  are  located 
resulting  in  branching  and  crosslinking  of  the  chains. 
Consequently,  nodes  are  generated  and  the  three  dimensional 
gel  network  is  formed.  During  aging,  the  condensation 
reaction  continues  and  so  does  the  formation  of  the  nodes. 


6.2.1  Model  A 


Model  A  (Figure  6.8)  shows  that  the  number  of  nodes 
increases  and  the  network  contracts  as  aging  proceeds.  Since 
the  rate  of  the  condensation  reaction  is  low,   the  changes  are 
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relatively  slow.  There  is  no  coarsening  of  the  chains  due  to 
the  insolubility  of  Si02  in  the  low  pH  pore  liquor  solution, 
particularly  in  the  presence  of  alcohol. 

Therefore,  in  experiment  A,  the  condensation  reaction 
mechanism  is  responsible  for  contraction  (syneresis)  and 
progressive  strengthening  and  stiffening  of  the  gel. 

Contraction  (syneresis)  in  series  A  gel-silicas  is 
generally  attributed  to  formation  of  new  bonds  through 
condensation  reactions.  It  is  easy  to  imagine  that  a  siloxane 
bridging  bond  between  two  neighboring  silicon  atoms,  Si-O-Si, 
takes  up  less  space  than  the  two  silanol,  SiOH,  groups  from 
which  it  was  formed.  Therefore,  the  solid  phase  will  contract 
as  a  result  of  condensation  (Figure  6.10  a)  .  Greater 
shrinkage  could  result  from  "diffusion"  or  flexure  of  the 
chains  of  solid  phase  (Figure  6.10  b).  If  a  local  movement 
of  a  chain  brings  surfaces  close  enough  to  form  a  bond,  the 
deformation  will  be  irreversible;  this  process  will  continue 
to  cause  a  net  contraction  as  long  as  the  solid  phase  remains 
flexible  and  elastically  compliant.  This  reaction-driven 
mechanism  might  be  accomplished  by  the  tendency  to  reduce  the 
huge  solid-liquid  interfacial  area  of  the  gel   [119]  . 

The  stiffness  and  strength  of  the  gel-silica  samples 
increase  gradually  with  the  condensation  reaction  and  node 
formation.  The  gels  become  more  rigid  during  aging.  However, 
for  most   of   the   time   the   wet   gels   are   relatively  flexible 
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Figure  6.10        Schematic  illustration  of  bond  formation 

resulting  in  shrinkage  of  the  gels 

(a)  Shrinkage  results  from  condensation 
between  neighboring  groups  on  a  surface 
as  the  strain  in  the  new  bond  relaxes. 

(b)  Movement  of  flexible  chains  may  permit 
new  bonds  to  form  that  prevent  the  chain 
from  returning  to  their  original  position; 
this  permits  extensive  shrinkages  as  long 
as  the  network  remains  flexible  [93]. 
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because  of  the  slow  condensation  reaction  rate.  The  rigidity 
(indicated  by  the  microhardness  data.  Figure  5.35)  of  the 
samples  due  to  the  formation  of  new  chemical  bonding  between 
silica  chains  and  rings  increases  with  temperature  and  time 
of  aging.  The  stiff er  and  stronger  the  gel  network  becomes, 
the  better  it  can  withstand  the  capillary  pressures  of  drying 
and  removal  of  pore  liquor.         .  r  -    ,       .  ^ 

It  is  very  interesting  to  note  that  the  condensation 
reaction  mechanism  for  experiment  A  is  supported  by  the 
following  fact:  the  activation  energy  of  17.53  kJ/mole-K 
obtained  from  the  rate  of  pore  growth  at  various  temperatures 
during  aging  in  experiment  A  (see  Chapter  V  and  Figures  5.7 
and  5.8  for  details)  is  similar  to  the  value  of  25  KJ/mole-K 
obtained  by  Ponomareva  et  al .  [156]  and  close  to  the  value  of 
19  kJ/mole*K  suggested  by  Brinker  [93]  for  a  condensation 
reaction  driven  process. 


6.2.2.   Model  B 


Model  B  (Figure  6.9)  proposes  that  right  after 
replacing  the  mother  pore  liquor  with  NH4OH,  the  pH  of  the 
gel  rapidly  increases  from  2  to  higher  than  9  (Figure  6.2) 
which  greatly  promotes  the  condensation  reaction  rate.  The 
effect  is  that  a  condensation  reaction  occurs  suddenly  at  all 
the   sites  where  the   functional  groups  encounter  a  neighbor. 
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As  a  result,  a  large  number  of  nodes  forms  which  pin  and 
freeze  the  entire  structure  of  the  gels.  As  aging  proceeds, 
the  number  of  nodes  remains  almost  constant.  However,  the 
chains  (back  bones)  become  thicker  and  coarser  due  to  the 
dissolution  and  reprecipitation  of  silica.  No  contraction  of 
the  wet  gel  is  observed  during  this  process.  In  contrast,  if 
the  rate  of  dissolution  is  higher  than  that  of 
reprecipitation  (see  the  results  of  ICP  measurement.  Figure 
6.5),  some  nodes  may  in  fact  be  disintegrated,  some  bonds  may 
be  broken  and  dangling  ends  may  be  formed  which  cause  the 
dilation  of  the  gel  network,  as  shown  in  Figures  5.29  and 
5.30. 

Since  the  texture  of  the  wet  gel  thus  produced  is 
looser,  the  mechanical  strength  of  the  gel  is  weaker  as  shown 
in  Figures  5.37,   5.38  and  5.39. 

The  strengthening  of  the  gel  by  dissolution- 
reprecipitation  which  has  been  reported  in  aqueous  systems 
[39]  was  not  observed  in  experiment  B.  That  means  the 
dissolut ion-reprecipitat ion  process  does  not  always 
strengthen  the  gel,  though  the  growth  of  necks  adds  to  the 
strength  and  stiffness  of  the  network.  On  the  contrary,  the 
dissolution  always  destroys  the  chemical  bonding  and 
reprecipitation  only  builds  up  van  der  Waal's  bonding.  This 
work  shows  that  sometimes  the  changes  during  aging  weaken  the 
gel    structure   especially   when   the   equilibrium  between  the 
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dissolution  and  precipitation  reactions  (or  processes)  has 
not  been  reached. 

In   NH4OH    solutions    in   which   the    silica    is  soluble, 
dissolution  and  reprecipitation  processes  cause  coarsening. 

As  already  shown  in  Figure  6.7,  the  particles  have 
positive  radii  of  curvature  (r>0) ,  so  they  are  more  soluble 
than  a  flat  plate  of  the  same  material.  Also  the  smaller  the 
particle,  the  greater  its  solubility.  Therefore,  smaller 
particles  dissolve  and  the  solute  precipitates  onto  larger 
particles.  Crevices  and  necks  between  particles  have  negative 
radii  (r<0),  so  their  solubility  is  especially  low  and 
dissolved  material  accumulates  there.  The  result  of 
dissolution-  reprecipitation  is  to  reduce  the  net  curvature 
of  the  solid  phase.  Thus  small  particles  disappear  and  small 
pores  are  filled  in  so  the  interfacial  area  decreases,  the 
average  pore  size  increases  and  the  pore  shape  changes.  Note 
that  this  does  not  produce  shrinkage,  because  the  center  of 
the  particles  do  not  move  toward  one  another.  This  model  is 
consistent  with  the  results  shown  in  Figures  5.29  and  5.30. 
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6.3.  Molecular  Orbital  Calculations 


Recently,  molecular  orbital  calculations  have  been 
introduced  into  the  field  of  sol-gel  processing  to  yield 
conceptual  ideas  of  molecular  structures  and  to  predict 
experimental  results    [220-228]  . 

Materials  are  made  up  of  large  numbers  of  atoms  with  a 
corresponding  large  number  of  electrons.  These  atoms  are 
bound  together  by  the  interaction  of  electrostatic  forces. 
The  type  of  bond,  its  strength,  and  physical  orientation 
depends  on  the  interaction  of  the  electrons  of  the  bound 
atoms.  The  calculation  of  molecular  orbitals  (MO's)  gives  us 
insight  into  the  nature  of  chemical  bonds  between  atoms  in  a 
solid.  Since  the  extreme  complexity  of  large  molecules  makes 
it  difficult  to  calculate  the  MO's  exactly,  nearly  all 
computer  programs  make  some  simplifying  assumptions  in  order 
to  make  computations  easier. 

In  our  work,  Huckel  molecular  orbital  (HMO) 
calculations,  which  is  one  of  the  simplest  methods,  were 
performed  to  model  the  process  of  condensation  reaction 
during  aging  using  an  HMO  program  on  a  personal  computer. 
There  are  two  primary  steps  in  the  calculations.  First,  the 
Hamiltonian  or  energy  matrix  must  be  generated.  The  matrix  is 
an  energy  set  for  each  of  the  n  electrons  in  the  molecule. 
Nothing  can  be  done  until  this  is  defined  [229]  . 
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=  Kinetic  energy  +  Potential  energy  +  Interactions 


(6.1) 


The     Hamiltonian     operator     will     yield    the  energy 
eigenvalues  according  to  the  Schrodinger  equation: 


Once  the  Hamiltonian  is  formed,  then  the  second  phase 
of  the  problem  is  to  diagonalize  it  by  an  appropriate 
transformation  matrix.  The  diagonalizat ion  operator  or 
transformation  matrix  makes  all  the  nondiagonal  elements  of 
equal  to  zero.  The  resulting  diagonalized  matrix 
represents  the  energy  eigenvalue  matrix, 

The  transformation  matrix  T  represents  the  eigenvector 
matrix  y/  of  the  molecule.  T  is  also  the  square  root  of  the 
probability  of  finding  an  electron  in  a  specific  molecular 
orbital  for  a  specific  atom  and  is  related  to  the  eigenvector 
matrix  through  a  delta   (A)  operator: 


(6.2) 


r  =  A  1^ 


(6.3) 


where  A  represents  the  nonorthogonality  of  the  molecular 
orbitals  under  study. 
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Finally, 

T  =   ly*  V|l/2  (6.4) 

which  is  the  square  root  of  the  probability  distribution  of 
the  electrons.  The  following  simplifying  assumptions  are  made 
for  the  Huckel  molecular  orbital  theory   (HMO) : 

1.  The  TCMOs  are  the  only  orbitals  considered  in  the 
calculations.  All  other  electrons  in  the  molecule  are 
neglected . 

2.  It  is  assumed  that  -11.2  6  ev  of  energy  is  required 
to  remove  an  electron  from  a  p^  orbital  of  carbon.  This  is 
called  in  the  standard  HMO  theory.  This  energy 
eigenfunction  becomes  the  diagonal  of  the  Hamiltonian. 

3.  The  bond  energy  of  the  pi  bond  is  -2.5  ev.  This  HMO 
model  neglects  all  other  bond  energies  (differential 
overlaps)  between  nonneighboring  orbitals.  This  energy  is 
defined  as  in  the  standard  HMO  theory.  These  energy  values 
form  the  nondiagonal  elements . 

4.  Atoms  other  than  carbon  (such  as  oxygen  and  silicon) 
pi-bonded  to  carbon  are  called  heteroatoms .  Energy  required 
to  remove  the  p^  heteroatom  elections  is  assumed  to  be  a 
linear  function  of  carbon. 
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=  hi(-11.26  )eV 


(6.5) 


and  the  bond  energy 


=  Jtij(-2.5)eV 


(6.6) 


where  h  and  k  are  called  the  heteroatom  parameters. 

Typical  values  for  the  heteroatom  are  determined  from 
experimental  bond  strengths .  The  values  are  arrived  at 
empirically  and  only  conceptually  represent  the  bond  energy 
or  binding  energy  of  the  electrons. 

The  values  for  the  heteroatom  parameters,  k  and  h, 
listed  in  Table  6.2  are  obtained  either  from  the  other 
sources  directly,  or  from  the  empirical  calculation  through 
the  bond  energy  and  the  ionization  energy  of  elements  shown 
as  follows . 

The  bond  energies  we  are  interested  are  listed  in  Table 
6.3.    They   depend   closely   on   the    environment    of   the  given 

bond  the   portion   of   the   molecule   close   to   the   bond.  For 

example,  the  energy  required  to  dissociate  one  H  atom  from  an 
H2O  molecule,  that  is,  to  break  one  0-H  bond,  is  about  502 
k J/mol .  The  value  showed  here,  428  kJ/mol,  is  the  average  for 
breaking  both  0-H  bonds  in  water.  Other  values  in  the  table 
are  also  average  values,  but  they  are  generally  adequate  for 
making  comparisons    [231]  . 
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Table  6.2 
Heteroatom  parameters 


Bond  (ij) 


/c-Parameter 


Atom  (i) 


h-Parameter 


Si-0  1.4  [229] 

0-H  1.285  * 

(O-)H- • -O  0.060  * 

N-H  1.169  * 

(N-)H- • -N  0.054  * 

N-0  0.690  * 

C-0  0.80  [229] 


H 

O 

Si 

N 

C 


1.30 
1.00 
0.80 
1.50 
1.00 


[230] 
[229] 
[229] 
[229] 
[229] 


Source:  [229] 

*        The  result  of  calculation. 
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Figure  6.11  shows  the  UV-VIS-NIR  spectrum  of  deionized 
(D.I.)  water  in  which  a  sharp  absorption  (UV  cut-off)  can  be 
seen  at  190  nm.  Since  E=hv  (where  h  is  the  Planck  constant  and 
V  is  the  frequency) ,  the  gap  energy  of  pure  water  is  equal  to 
6.52  6  ev.  The  ic-parameter  of  1.285  is  finally  obtained.  By 
using  different  A:-parameters  to  do  the  HMO  calculation  of 
water  molecule  repeatedly  to  make  the  calculated  gap  energy 
of  water  molecule  approach  this  empirical  value. 

The  energy  of  the  hydrogen  bond  shown  in  Table  6.3  is 
20.90  kJ/mol,  only  about  one  twentieth  of  the  average  0-H 
bond  strength  which  is  428  kJ/mol .  The  A:-parameter  of 
hydrogen  bond  of  0.06  can  then  be  calculated  from  the 
following  arithmetic  relationship:   1.285  x  (20.90/428). 

Using  the  A:-parameters  of  both  0-H  and  hydrogen  bonds 
to  conduct  the  HMO  calculation  of  the  water  molecule: 

0-H. . .0-H 

I  I 
H  H 

The  resultant  gap  energy  of  6.535  ev  is  very  close  to 
the  experimental  value. 

The  preliminary  results  obtained  from  HMO  calculations 
using  these  heteroatom  parameters,   k  and  h,   show  that: 

(1)  In  general,  a  hydrolysis  reaction  takes  place 
spontaneously,  however,  condensation  reactions  require  energy 
(need  a  driving  force)    to  take  place  as  shown  in  Tables  6.4 
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Figure  6.11        UV  spectrum  of  D.I.  water   (in  quartz 

cuvette) . 
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Table  6.3 

Some  representative  bond  energies  and  Jc-parameters 


Bond  type 


Bond  strength 


A:-parameter 


0-H 

Hydrogen  bond 
0-H- • -0 

N-H 

Hydrogen  bond 
N-H • • -N 

C-0 


N-0 
Si-0 


428  kJ/mol  [231] 

20.90  kJ/mol  [232] 
(5  kcal/mol) 

389  kJ/mol  [233] 

18  kJ/mol  [169] 
(formed  by  NH3) 

326  kJ/mol  [234] 
359  kJ/mol  [230] 

230  kJ/mol  [234] 

466  kJ/mol  [230] 


1.285 
0.060 

1 .169 
0.054 

0.979 
1.078 

0.690 

1.400 
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Table  6.4 

Results  of  Huckel  molecular  orbital  calculation 
for  hydrolysis  reactions 

Chemical  species  Huckel  molecular  energy  (ev) 


Si (OCH3) 4 

-345 

.9162 

Si (OCH3) 3OH 

-297 

.0436 

Si (OCH3) 2 (OH) 2 

-248 

.0262 

Si (OCH3) (OH) 3 

-199 

.  6225 

Si (OH) 4 

-150 

.4725 

CH3OH 

-100 

.0385 

H2O 

-50, 

.2298 

Si(OCH3)4    +  H2O 

-396, 

.  1460 

Si(OCH3)30H  +  CH3OH 

-397, 

.0821 

Si(OCH3)30H  +  H2O 

-347  , 

.2734 

Si (OCH3) 2 (OH) 2   +  CH3OH 

-348, 

.0647 

Si (OCH3) 2 (OH) 2  +  H2O 

-298. 

.2560 

Si (OCH3)  (OH) 3  +  H2O 

-249, 

,8523 

Si (OH) 4  +  CH3OH 

-250. 

,5110 
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and  6.5.  For  example,  the  Huckel  molecular  energy  of  Si (OR) 4 
+  nH20  is  always  higher  than  that  of  Si (OR) 4_n (OH) ^  +  nROH, 
whereas  the  molecular  energy  of  Si (OH) 4  is  lower  than 
(HO) 3Si-0-Si (OH)  3 . 

(2)  The  chain  structure  is  more  likely  than  the  ring 
structure  to  be  formed  through  a  condensation  reaction.  This 
result  supports  the  models  proposed  in  the  previous  section. 
One  of  the  typical  examples  shown  in  Table  6.5  is  that  the 
trisiloxane  ring  has  a  much  higher  Huckel  molecular  energy 
than  the  three-member  chain. 

(3)  During  a  condensation  reaction  there  exists  an 
intermediate  (pentacoordinated)  state  of  silicon.  This  can  be 
proved  by  the  reaction  steps  proposed  in  Figure  6.12-6.15. 

Step  1  as  shown  in  Figure  6.12  illustrates  a  portion 
of  a  gel  surface  formed  at  gelation.  Experimental  evidence 
shows  that  a  gel  surface  was  covered  by  a  substantial 
fraction  of  trisiloxane  silicate  rings,  known  as  a  D2  ring  in 
Raman  Spectroscopy  [235]  .  During  aging  two  such  rings  can 
approach  close  enough  to  undergo  a  condensation  reaction 
between  neighboring  silanol  species. 

Figure  6.13  indicates  that  during  step  2,  the 
pentacoordinated  intermediate  state  is  formed  between  the  two 
trisiloxane  silicate  rings. 
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Table  6.5 

Results  of  Huckel  molecular  orbital  calculation 
for  condensation  reactions 

Species  Huckel  molecular  energy 


^ (OH) 4  -150.4725  ev. 


XX 


-249.8769  ev 
-196.8040  ev. 

-349.0830  ev. 

-297.6991  ev. 

-445.6620  ev. 
-547.3388  ev. 


2Si (OH) 4  -300.9450  ev. 

(HO) 3Si-0-Si (OH) 3  +  H20      -300.1067  ev. 
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Figure  6.12        Schematic  illustration  of  step  1: 
two  trisiloxane  rings  encounter 
each  other. 
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Figure  6.13 


Schematic  illustration  of  step  2: 
the  formation  of  pentacoordinated 
intermediate  state. 
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Figure  6.14  Schematic  illustration  of  step  3: 

the  formation  of  hydrogen-bonded 
water . 
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Figure  6.15        Schematic  illustration  of  step  4: 

the  formation  of  siloxane,  Si-O-Si, 
bond  and  removal  of  water. 
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Figure  6.14  shows  step  3  is  the  formation  of  hydrogen 
bonded  water,  the  reaction  product  of  the  condensation 
reaction . 

During  step  4  as  demonstrated  in  Figure  6.15,  the 
Si-O-Si  siloxane  bond  is  formed  and  the  water  molecule  was 
removed . 

The  comparison  of  the  Huckel  energies  for  the  various 
reaction  steps  is  presented  in  Figure  6.16.  It  has  been  found 
that  Eg-i-gp]^  >  E3^gp2,  so  the  pentacoordinated  intermediate 
state  was  more  stable.  During  the  condensation  reaction,  step 
3  had  the  lowest  Huckel  molecular  energy  than  any  other 
steps .  This  indicates  that  the  water  molecule  as  a  product  of 
condensation  reaction  was  more  likely  to  be  bonded  to  the  gel 
network.  E3tep4  >  Estep3  indicates  that  there  was  an  energy 
barrier  to  be  overcome  for  the  removal  of  the  water  molecule 
from  the  structure  which  is  consistent  with  the  drying 
process . 

Though  Huckel  molecular  orbital  calculations  do  not 
take  bond  lengths  and  bond  angles  into  account  and  is  less 
accurate  than  other  MO  methods,  it  is  still  a  useful  and 
convenient  tool  to  provide  valuable  complementary  information 
about  the  chemical  processes. 
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Figure  6.16        Variation  of  Huckel  molecular  energy  as 

a  function  of  reaction  steps. 


CHAPTER  VII 
APPLICATIONS  OF  GEL-SILICA  TREATED  BY  NH4OH 

iU  Solid  State  Dve  Laser 

As  mentioned  in  the  first  chapter,  gel-silica, 
especially  type  VI  porous  gel-silica,  has  many  potential 
applications.  A  solid  state  dye  laser  made  by  using  a  series 
B  porous  gel-silica  matrix  impregnated  with  4PyP0-MePTS  laser 
dye  will  be  discussed  here  as  a  typical  example. 

According  to  the  lasing  species,  lasers  can  be  divided 
into  four  groups:  solid  state  lasers,  gaseous  lasers,  liquid 
state  lasers  and  semiconductor  lasers,   as  shown  in  Table  7.1. 

Liquid  lasing  species  (organic  dyes)  are  attractive  for 
use  in  lasers  because  they  offer  tunability,  which  means  they 
can  produce  an  tunable  output  extending  from  the  near  UV  to 
the  near  IR  [9] .  This  wide  range  of  accessible  wavelengths  is 
in  contrast  to  tunable  lasers  based  on  transition  elements, 
such  as  chromium  III,  doped  in  crystals  which  operate  only  in 
the  near  IR  [236,237].  Recently,  dye  lasers  have  become 
important  tools  for  spectroscopy,  photochemistry,  and  laser 
isotope  separation   [238] . 

Since    solid    state    dye    lasers    have    many  potential 
advantages    over    their    liquid    dye    counterparts,     listed  in 
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Table  7.1 
Different  types  of  laser 
(Light  Amplification  by  Stimulated  Emission  of  Radiation) 


Solid  State    Crystalline        Ruby   (0.6943  mm)  Single-crystalline 

Nd-doped  YAG  Polycrystalline 
(1.064  mm) 

Nd-doped  Y2O3  Polycrystalline 
Glass  Nd3+ 
Yb3  +  , 

Er3+   (1 .  54  mm) , 
Ho3+  and  Tm3+ 
Ceramics  Nd  doped  optical  ceramics 

Gaseous  state  He-Ne   (0.6328  mm  ) 

Ar   (0.4880  mm  ) 
CO   (5  mm) 
CO2  (10.6mm) 
N2    (0.3371  mm) 

Liquid  state  Organic  dye  solutions 

(0.3  -  1.0  mm  ) 


Semiconductor 


GaAs   (0.840  mm) 
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Table  7.2,  incorporation  of  laser  dyes  in  a  solid  matrix  has 
been  intensively  studied  for  many  years  with  the  goal  of 
obtaining  a  lightweight,  portable  solid  state  system  which  is 
inexpensive  to  fabricate,   is  reliable,   and  is  safe  to  handle 

[9] .  Several  groups  have  pioneered  the  growing  interest  in 
solid  state  dye  lasers  including  Reisfeld,  Avnir  and 
colleagues    in    Israel    [239-242],   Mackenzie     [243]   and  Dunn 

[244]  and  co-workers  at  UCLA;  King  [245,246]  and  colleagues 
at  the  University  of  Manchester,  U.K.,  Prasad  and  Karasz  at 
SUNY  at  Buffalo  and  University  of  Massachusetts  [247]  and 
Nogues  and  co-worker  at  the  University  of  Florida  and 
Geltech,  Inc  [248].  Their  developments  involve:  photostable 
solid  state  tunable  lasers  in  the  visible,  infrared 
solid-state  lasers  and  other  tunable  solid  state  lasers. 

Key  criteria  in  selecting  a  material  suitable  for  a  dye 
laser  host  include  the  following:  The  host  must  have  good 
optical,  mechanical  and  thermal  properties  to  withstand  the 
severe  operating  conditions  of  practical  lasers.  Desirable 
properties  include  hardness,  chemical  inertness,  absence  of 
internal  strain  and  refractive  index  variation,  resistance  to 
radiation-induced  color  centers,  and  ease  of  fabrication. 
Also,  the  dyes  within  the  host  must  maintain  sharp 
fluorescent  lines,  strong  absorption  bands,  have  a  reasonably 
high  quantum  efficiency  for  the  fluorescent  transition  of 
interest,   and  a  reasonable  lifetime  in  order  for  the  laser  to 
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Table  7.2 

Advantages  of  solid  state  dye  lasers 


Advantage 

Consequence 

1) 

Eliminate  fluid  pumping 
and  flow  system 

Compactness,   ease  of 
handling,   less  expensive 

2) 

Isolation  of  dye 
molecules  by  pore  walls 

Minimizes  dimerization 
and  aggregation 

3) 

Increase  thermal  stability 

Operate  at  high  power 

4) 

Isolate  dye  molecules 

Inhibits  destructive  photo 
processes 

5) 

Steric  hindrance  of  dye 
molecules  by  porous  silica 
matrix 

Reduces  rotational  modes 
that  cause  non-radiative 
loss 

6) 

Easy  substitution  of  laser 
rods  with  different  dyes 

Wide  selection  of 
wavelength  throughout 
UV,   visible  and  NIR 

7) 

High  thermal  conductivity 

High  pumping  thresholds 
than  liquids 

Source:  [9] 
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achieve  desirable  operational  performance.  Solid-state  host 
materials  used  to  be  broadly  grouped  into  crystalline  solids, 
glasses  [249-251]  and  polymers  [243]  which  generally  show  the 
above  characteristics . 

The  introduction  of  organic  dyes  into  sol-gel  glasses 
was  started  in  1983  [239,240].  The  use  of  sol-gel  chemical 
processing  has  made  it  possible  to  develop  solid-state  dye 
lasers  which  have  two  or  more  phases,  and  thereby  possess 
unique  lasing  properties  [3,92].  For  example,  porous  Type  VI 
gel-silica  matrices  offer  as  potential  advantages  their  high 
doping  concentrations,  homogeneity,  high  optical  quality,  and 
higher  thermal  conductivity  and  better  thermal  shock 
resistance  compared  with  lower  silica  or  non-silicate 
glasses . 

In  this  study  solid-state  dye  lasers  made  by  aging 
treated  porous  gel-silica  matrices  with  an  organic  laser  dye 
were  successfully  developed  and  their  lasing  properties  were 
characterized.  The  effects  of  the  texture  of  the  gel-silica 
matrices  as  well  as  the  concentration  of  dye  solution  and  the 
impregnation  temperature  on  lasing  characteristics  of  the 
hybrid  optical  composites  were  investigated. 
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1.2  Experimental  Procedures 


There  are  two  alternative  pathways  for  making  solid 
state  dye  lasers  via  the  sol-gel  route;  method  I  termed  sol 
processing  and  method  II  adsorption  or  impregnation 
processing  [9]  .  In  brief,  the  main  difference  between  those 
two  methods  is:  in  method  I,  the  optical  organic  molecules 
are  mixed  with  organic  precursor  during  the  sol  preparation 
step;  while  in  method  II,  the  optical  organic  phase  is 
diffused  or  impregnated  into  the  porous  silica  matrix  after 
the  stabilization  stage.  For  a  detailed  discussion  of  those 
two  methods  see  Ref.9.  Both  process  options  have  advantages 
and  disadvantages .  The  primary  advantage  of  method  I  is  its 
simplicity  but  the  mechanical  and  chemical  behavior  of  a 
composite  made  in  this  manner  is  restricted  by  the 
temperature  limitation  of  drying  imposed  by  the  thermal 
stability  of  the  optical  polymer.  The  primary  advantages  of 
optical  composites  made  by  method  II  is  that  the  textual 
properties  such  as  the  volume  fraction  of  porosity,  the 
average  pore  radius  and  the  pore  size  distribution  can  be 
tailored  for  specific  applications  (for  example, 
accommodating  molecules  with  different  sizes  and  achieving 
different  doping  concentrations  etc.).  Also,  the  chemical 
nature  of  the  pore  network,  largely  controlled  by  the  surface 
area,    the    silanol    concentration,    and    the    absorbed  water 
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layers  can  be  varied  during  stabilization  and  optimized  for  a 
particular  organic  impregnate.  Furthermore,  method  II 
circumvents  the  thermal  stability  limitation  on  processing. 

This  study  focused  on  method  II  which  is  practically  a 
two  part  process.  During  the  first  part  of  the  process, 
optically  transparent  gel-silica  matrices  with  a  wide  range 
of  volume  fraction  of  interconnected  porosity  and  average 
pore  radius  (up  to  14  nm)  were  prepared  by  using  various 
aging  treatments  (see  chapter  IV) .  The  rectangular  gel-silica 
specimens  of  size  6  x  6  x  10  mm  were  then  chemically 
stabilized  at  800°C  for  4  hours  (Figure  1.2  step  6).  Both 
ends  of  the  specimens  were  cast  parallel  to  each  other  and 
were  polished  to  600  grit  after  stabilization,  if  necessary. 
Other  surfaces  of  the  rectangular  matrices  were  not  polished 
and  were  kept  in  an  as-cast  condition.  In  the  second  part  of 
the  process,  steps  7  and  8,  stabilized  gel-silica  with 
controlled  textures  were  soaked  in  the  solution  at  different 
temperatures  (25°C  and  45°C)  for  24  hours.  The  laser  dye  was 
diffused  or  impregnated  into  the  porous  matrix  where  it  was 
chemically  or  physically  absorbed  within  the  pore  network. 

The  laser  dye,  used  in  our  work,  developed  by  Lee  and 
Robb  [238]  was  4- { 2- ( 5-phenyl-oxazolyl)  } -1-methyl  pyridinium 
p-toluenesulf onat  ( 4PyP0-MePTS )  .  This  is  one  of  the  most 
photostable  dyes.  Its  structure  is  shown  in  Figure  7.1.  The 
dye    is    water    soluble    which    is    a    major    advantage    in  the 
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5-Phenyl-2- (4-pyridyl) oxazole,  methyl  tosylate  salt,  99% 

[ l-Methyl-4- ( 5-phynel-2-oxazolyl) pyridinium 
p-toluenesulf onate] 

4PyP0-MePTS  '  '  * 


C22H20N2SO4 


6 


methyl 
para-toluene sulfonate 

F.W.  408.48 
m.p.  221-222° 

Cat.   #  23,749-3,     Aldrich  Chemical  Co.  Inc., 

Milwaukee,  Wisconsin 


Figure  7.1        4PyP0-MePTS  laser  dye. 
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processing  of  the  composite.  Dye  solutions  with  different 
concentrations  were  prepared  at  room  temperature  by  simply 
dissolving  the  dye  in  D,I.  water.  The  solution  has 
exceptionally  high  photostability,  as  discussed  by  Lee  and 
Robb   [238]  . 

The  laser  action  was  tested  as  follows:  the  impregnated 
specimens  were  pumped  for  lasing  in  a  single  cavity  using  a 
nitrogen  gas  laser  with  its  output  at  337.1  nm  in  the 
ultraviolet  in  a  transverse  configuration  where  the 
rectangular  nitrogen  laser  beam  was  focused  to  a  line  within 
the  specimen.  The  maximum  average  power  of  the  system  was  50 
mW,  the  maximum  energy  per  pulse,  2.5  p.J,  and  the  pulse 
duration,  800  ps .  Laser  dye  solutions  with  different 
concentrations  were  tested.  The  testing  system  has  an 
amplifier  to  increase  the  signal  output.  All  the  specimens, 
including  dye  solutions,  were  pumped  by  the  nitrogen  beam 
spilt  from  the  primary  laser  source  in  an  oscillation  stage 
without  any  amplification  and  an  additional  amplifier  stage 
to  increase  the  population  density  of  the  signal.  The  output 
of  the  dye  laser  was  monitored.  The  wavelength,  selected 
through  a  grating  system,  was  measured  and  the  amplification 
factor,   e.g.  the  peak  ratio,  was  calculated. 
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7.3  Results  and  Discussion 
7.3.1  Texture  Effects 

The    type    VI    porous    gel-silica    monolithic  optical 
matrices  with  a  wide  range  of  volume  fraction    (up  to  74%)  of 
interconnected  porosity  and  average  pore  radius   (up  to  14  nm) 
were    prepared    by    using    the    NH4OH    aging    treatments  of 
experiment     B.    The    high    t  ransmittance     of    the    type  VI 
gel-silica  matrix  over  a  wide   spectral   region   combined  with 
good  mechanical  and  thermal  properties    (see  Chapter  V) ,  make 
this   an   ideal   host   material   for  the   impregnated   laser  dye. 
After    impregnation,    the    optical   properties    of   the  sample, 
became  even  better  as  shown  in  Figure  7,2.   The  major  feature 
of   the   transmittance    spectra    from   200   to    1300   nm   for  the 
4PyP0-MePTS    water    solution    and    for    the    dye  impregnated 
gel-silica   specimens   is  an  absorption  at  the  region  between 
200   and   400   nm  due   to   the   presence   of   the   dye  molecules. 
Therefore,   it  is  possible  to  use  a  nitrogen  laser  at  337.1  nm 
as  the  primary  source  for  pumping. 

Almost  all  gel-silica  specimens  impregnated  with 
4PyP0-MePTS  laser  dye  showed  lasing  action.  However,  the 
lasing  characteristics  of  the  solid  state  dye  laser  depended 
greatly  upon  the  texture  of  the  matrices.  The  general  trend 
is  that  the  larger  the  average  pore  size  and  the  total  volume 
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Figure  7.2        UV  spectra  for   (a)   6  xlO'^M  4PyP0-MePTS 
dye  solution;    (b)  porous  gel-silica 
matrix   (lOOA)   and   (c)   gel-silica  matrix 
(100  A)   impregnated  with  6  x  10~3  m 
4PyP0-MePTS  dye  solution. 
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fraction  of  porosity  of  the  matrix,  the  higher  the  total 
output  energy  and  the  more  intense  was  the  lasing  peak 
emitted  by  the  solid-state  dye  laser  device.  The  gel-silica 
matrix  with  average  pore  radius  of  100  A  (texture 
characterized  in  Table  7.3)  soaked  in  3  x  10~3  M  4PyP0-MePTS 
dye  solution  at  room  temperature  for  24  hours  had  a  total 
output  of  4.8  |IJ  and  a  gain  of  12 .  This  result  was  1 . 5  and 
6-10  times  as  high  as  that  of  12  A  average  pore  radius 
gel-silica  dye  laser  specimens   (Table  7.4). 

It  is  apparent  that  the  matrix  which  has  a  larger 
volume  fraction  of  porosity  can  accommodate  more  organic  dye 
molecules  in  its  structure.  For  example,  gel-silica  samples 
with  pore  of  12  A  average  pore  radius  has  a  volume  fraction 
of  porosity  of  52%.  Therefore,  the  theoretically  maximum 
amount  of  organic  dye  solution  which  can  be  incorporated  will 
not  exceed  52%.  In  fact,  much  less  than  that  amount  of  dye 
solution  can  be  doped  into  the  gel-silica  matrix  if  special 
procedures  are  not  followed.  However,  in  our  work,  about  64% 
4PyP0-MePTS  dye  solution  was  determined  to  be  impregnated 
into  the  100  A  average  pore  radius  gel-silica  matrix  which 
has  a  volume  fraction  of  72%  porosity.  Previous  chapters  have 
shown  that  not  only  the  volume  fraction  of  porosity  and  the 
average  pore  radius,  but  also  the  pore  shape  and  the  pore 
size  distribution  of  gel-silica  matrices  change  with  various 
aging  treatments.   The  gel-silica  specimens  used  in  this  work 
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Table  7.3 

Texture  of  gel-silica  aged  in  a  0 . 5  N 
NH4OH  solution  at  25°C  for  4  days 


Surface  area  (m^/g) 

223 

Total  pore  volume  (cm-^/g) 

1 . 12 

Average  pore  radius  (A) 

100  .8 

Theoretically : 
Experimentally : 


Volume  fraction  of  porosity  >  70  % 
About  64  %  volume  was  occupied  by  the 
dye  solution. 
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Table  7.4 

Texture  effects  on  lasing  characteristics  of  4PyP0-MePTS 
impregnated   (at  25°C)   gel-silica  specimens 


Sample 

Wavelength 
(nm) 

^w/ o  amp . 
(|iJ) 

^w/  amp . 

^w/Z-'-w/o 

Dye-dye 

510 

1 , 91 

52  .  9 

27  .  70 

12  A 

510 

1.49 

1.82 

1 .22 

12  A 

510 

0.89 

1.80 

2  .02 

100  A 

510 

<  0.4 

4  .80 

12  .00 

I  :  Total  output  energy. 

I  w/amp.'  Total  output  with  amplification. 

I  ^/q  amp.-  Total  output  without  amplification. 

I  ^//l  w/o-  Gain  or  amplification  factor. 
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with  a  larger  pore  size  usually  have  a  narrower  pore  size 
distribution  and  a  more  cylindrical  pore  shape.  The 
combination  of  large  pore  size,  large  volume  fraction  of 
porosity,  narrow  pore  size  distribution  and  cylindrical  pore 
shape  all  favor  higher  gain  and  total  output  of  composite  dye 
laser. 

7.3.2  Pye  Conggptr^tion  EffegtS 

Because  of  the  superior  thermo-opt ical  properties  and 
the  excellent  safety  factors  associated  with  water, 
researchers  have  expressed  the  need  for  high  efficiency  water 
soluble  lasing  dyes  that  can  produce  a  continuously  tunable 
output  extending  from  the  near  UV  to  the  near  IR  [238]. 
4PyP0-MePTS  is  considered  as  one  of  the  most  photochemically 
stable  blue-green  lasing  dyes  in  pure  water  for  dye  lasers  to 
achieve  high  repetition  rates  and  high  outputs/pulse  at  high 
pumping  energy. 

Figures  7.3-7.6.  show  the  change  in  UV-VIS-NIR 
transmission  spectrum  of  4PyP0-MePTS  dye  solution  as  a 
function  of  concentration  of  the  dye. 

A  transmission  peak  at  300  nm  appeared  when  the  dye 
concentration  is  decreased  to  1.0  x  10~3  m,  as  shown  in 
Figure  7.4.  The  intensity  of  this  peak  increased  with  the 
decreased   concentration   of  the   dye.    When   the  concentration 
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Figure  7,3        UV  spectrum  of  1  x  10  ^   M  4PyP0-MePTS 
dye  solution  (in  quartz  cuvette) . 
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Figure  7.4        UV  spectrum  of  1  x  10       M  4PyP0-MePTS 
dye  solution   (in  quartz  cuvette) . 
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Figure  7.5        UV  spectrum  of  1.875  x  10       M  4PyP0-MePTS 
dye  solution   (in  quartz  cuvette) . 
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Figure  7.6        UV  spectrum  of  1.1718  x 10"^    M  4PyP0-MePTS 
dye  solution   (in  quartz  cuvette) .  .  ^ 
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reached  1  x  10"'^  M,  another  transmission  peak  at  240  nm  is 
observed  (Figure  7.5)  combining  with  the  former  peak  to  form 
a  transmission  band.  The  intensity  of  the  whole  band  sharply 
increases  with  further  decrease  of  the  dye  concentration  and 
finally  the  absorption  in  the  region  of  200-400  nm  no  longer 
exists  (Figure  7.6)  .  Obviously,  the  dye  solutions  with 
concentration  lower  than  1.0  x  10"^  m  are  not  good  candidates 
for  solid  state  dye  lasers. 

The  spectra  of  dye  solution  with  concentrations  higher 
than  1.5  x  10~3  m  (from  1.5  x  10~3  to  1  x  10"2  M)  are  almost 
identical  (they  all  have  absorptions  in  the  region  of  200-400 
nm)  except  their  ultraviolet  cutoffs  and  absorption  edges 
slightly  shift  to  longer  wavelengths  from  420  nm  to  440  nm, 
with  increasing  dye  concentration.  However,  organic  dyes  in 
aqueous  solution  have  a  tendency  to  form  dimers  and  higher 
molecular  weight  (MW)  aggregates  which  have  different  lasing 
characteristic  from  the  monomer.  The  equilibrium  between 
monomers  and  dimers  shifts  to  the  dimers  with  increasing  dye 
concentration.  Dimers  result  in  self-quenching  of  the  laser 
dyes.  Therefore,  dye  solutions  with  higher  concentrations  of 
dyes  are  not  suitable  either.  Consequently,  for  this  study, 
dye  solutions  with  three  different  concentrations:  1.5  x  10~3 
M,  3.0  x  10~3  M  and  6.0  x  10~3  M  were  selected  to  investigate 
dye  concentration  effects  when  adsorbed  in  the  optical 
matrices . 
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4PyP0-MePTS  is  very  water  soluble  and  after  dissolving 
in  D.I.  water  the  dye  results  in  an  optically  transparent 
solution  even  at  room  temperature.  Even  though  no  significant 
difference  in  the  transmittance  spectra  of  dye  solution  was 
observed  due  to  aggregation  or  formation  of  dimers  and  higher 
MW  aggregates,  the  lasing  properties  of  the  laser  dye 
solutions  were  found  to  depend  on  the  concentrations  of  the 
dyes.  A  solution  with  higher  concentration  had  relatively 
poorer  lasing  properties  than  solutions  of  lower 
concentration.  The  change  of  total  energy  output  with  dye 
concentration,  which  was  detected  with  a  photodiode  and 
includes  both  lasing  and  fluorescence  energies  emitted  by  the 
specimens,  is  shown  in  Figure  7.7.  The  total  output  energy  is 
substantially  less  for  the  6.0  x  10~3  m  dye  solution  than  for 
the  1.5  X  10"-^  M  solution.  The  concentration  dependence  of 
the  peak  ratio,  which  is  the  ratio  of  intensity  of  lasing 
peak  to  that  of  the  fluorescence  peak,  is  shown  in  Figure 
7.8.  Larger  dye  concentrations  decreased  the  ratio.  The 
figures  also  show  that  the  maximum  output  energy  and  the 
maximum  peak  ratio  seem  not  to  be  achieved  at  the  same 
wavelength.  Since  the  gel-silica  matrices  prepared  by 
experiment  B  have  a  volume  fraction  of  porosity  in  the  range 
of  52%  to  74%,  the  composite  laser  made  with  a  gel-silica 
matrix  and  a  3.0  x  10"^  M  dye  solution  hopefully  achieves  the 
same  lasing  characteristics  as  a  1.5  x  10"^  m  dye  solution. 
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Figure  7.7        Variation  of  total  output  energy  as  a 

function  of  concentration  of  dye  solution 
(a)   1.5  X  10"3  M  (b)   3.0  x  10"3  m  and 
(c)    6.0  X  10"3  M. 
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Figure  7.8        Variation  of  peak  ratio  as  a  function 
of  concentration  of  dye  solution: 
(a)   1.5  X  10"3  M,    (b)   3.0  x  IO'^m 
and  (c)   6.0  x  lO"^  m. 
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Considering  both  results  of  total  energy  output  and  peak 
ratio  a  dye  concentration  of  3  x  10~3  M  was  finally  selected 
as  the  preferable  concentration  in  this  work, 

7.3.3  Impregnation  Temperature  Effects 

The  comparison  of  Table  7.4  with  Table  7.5  clearly 
shows  that  the  impregnation  temperature  also  played  an 
important  role  in  the  lasing  characteristics  of  a  solid-state 
dye  laser  made  with  a  gel-silica  matrix  and  a  4PyP0-MePTS  dye 
solution.  When  the  impregnation  temperature  was  raised  from 
25°C  to  45°C,  keeping  the  duration  of  impregnation  constant, 
the  dye  laser  specimens  made  with  gel-silica  matrices  of  90  A 
average  pore  radius  and  3  x  10~3  m  4PyP0-MePTS  dye  solution 
repeatedly  showed  one  fifth  the  total  output  energy  and 
almost  the  same  peak  ratio  as  the  dye  solution  itself.  The 
maximum  output  energy  of  9.4  9  |IJ  with  a  gain  of  23.58  for  90 
A  average  pore  radius  samples  is  shown  in  Table  7.6.  This  is 
5  and  10  times  as  high  as  those  for  a  12  A  average  pore 
radius  specimen  in  which  the  dye  solution  was  impregnated  at 
25°C.  It  should  be  pointed  out  that  each  data  point  here  is 
the  average  of  100  pulses.  After  more  than  2,000  pulses  of 
pumping  the  total  output  and  peak  ratio  still  remained 
constant  which  indicates  that  the  composite  dye  specimen  has 
good  photostability . 
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Table  7.5 

Texture  effects  on  lasing  characteristics  of  4PyP0-MePTS 
impregnated   (at  45°C)   gel-silica  specimens 


Sample 

Wavelength 
(nm) 

^w/o  amp. 
illJ) 

^•w/  amp . 

(^iJ) 

^w/Z-'^w/o 

12  A 

500 

<  0.4 

3.71 

9.28 

505 

<  0.4 

3.91 

9.78 

510 

<  0.4 

3.25 

8.13 

30  A 

500 

0.72 

5.23 

7.26 

505 

0.79 

7.34 

9.29 

510 

0.74 

6.99 

9.45 

90  A 

500 

<0  .  4 

6.31 

15.78 

505 

<0  .  4 

8.36 

20.90 

510 

<0  .  4 

8.43 

21.08 

I  :  Total  output  energy. 

^  w/amp.-  Total  output  with  amplification. 

^  w/o  amp.=  Total  output  without  amplification. 

^  w//I  w/o-  Gain  or  amplification  factor. 
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Table  7 . 6 

Lasing  characteristics  of  4PyP0-MePTS 
impregnated  (at  45°C)    90  A  gel-silica  specimen 


Sample  ID 


Wavelength 
(nm) 


^w/o  amp. 
(|J.J) 

^w/  amp . 

/  ■  I  T\ 

(M-J) 

I„//I' 

2  .  60 

48.0 

18.46 

2.34 

48.7 

20.81 

2.07 

49.3 

23  . 82 

1.97 

50.6 

25.59 

1.91 

CO  Ci 

Z  1  .  I\j 

z  .  1  o 

/in  Ci 

4  y .  y 

o  o    o  o 

<    U  .  4 

D  .  by 

14  .  zo 

<   U  .  4 

C    T  Q 

b .  JO 

It;    Q  c; 

1 J  .  y  3 

<    V  .  H 

/  .  U  D 

1  /  .  DJ 

<-   U  .  4 

/  .  dU 

1  Q  n  n 
i  y .  uu 

<   (J  .  4 

o  r\n 

z  U  .  lb 

<  0.4 

8.44 

21.10 

<  0.4 

8.51 

21.28 

<  0.4 

7  .17 

17  .  93 

<  0.4 

7  .  95 

19.88 

<  0.4 

9.02 

22.55 

<  0.4 

9.12 

22.80 

<  0.4 

9.36 

23.40 

<  0.4 

9.49 

23.73 

<  0.4 

9.35 

23.38 

<  0.4 

9.43 

23  .58 

<  0.4 

9.37 

23.43 

<  0.4 

9.27 

23.18 

<  0.4 

9.23 

23.08 

<  0.4 

9.07 

22  .  68 

<  0.4 

8.99 

22  .48 

<  0.4 

8.43 

21 .08 

Dye-dye 


510 


90  A 


(Average) 
510 


(Average) 


I  : 

-'•w/amp .  • 
■'-w/o  amp . 
-'-w/Z^w/o  • 


Total  output  energy. 
Total  output  with  amplification. 
Total  output  without  amplification 
Gain  or  amplification  factor. 
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The  extent  of  chemical  interaction  between  the  optical 
organic  phase  and  the  silica  network  is  strongly  influenced 
by  the  stabilization  treatment  which  controls  the  silanol 
concentration  on  the  surface  of  the  pores  [235,252].  Figure 
7 . 9  illustrates  the  pore  geometry,  silanol  concentrations, 
adsorbed  and  bound  water  layers,  and  sorbed  organic  molecules 
that  are  possible  using  method  II  processing  of  optical 
composites.  Thickness  of  the  bound-water  layer  varies  from 
0.7  to  1.2  nm  as  the  pore  radius  increases  from  1.2  to  7.5  nm 
[24]  .  Therefore,  the  impregnation  temperature  is  more 
significant  for  the  smaller  pore  size  gels  than  for  the 
larger  ones.  In  a  small  pore  size  (<2 . 0  nm)  gel-silica 
matrix,  the  bound  water  layer  on  the  pore  surface  as  well  as 
the  ink-bottle  neck  of  the  pores  hinders  the  movement  of 
molecules  of  second  phase.  It  has  been  reported  that  a  12  A 
gel-silica  matrix  has  great  hindering  effects  on  both 
percolation  and  diffusion  processes  of  inorganic  ions,  such 
as  Cr"'"''"+  etc.  [253],  as  well  as  organic  molecules  [254].  When 
12  A  average  pore  radius  gel-silica  was  used  as  a  dye  matrix, 
not  only  the  diffusion  of  dye  solution  molecules  into  the 
matrix  was  difficult,  but  also  the  percolation  process  takes 
considerably  longer  to  complete.  Air  is  more  likely  to  be 
trapped  inside  the  small  pore  samples  resulting  in  negative 
effects  on  the  lasing  characteristics.  An  increase  of  the 
impregnation    temperature    accelerates    the    percolation  and 
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diffusion  processes  which  prevail  over  the  hindering  effects 
of  the  pores. 

7.4  Conclusion 

The  solid  state  dye  laser  composites  made  by 
impregnating  Type  VI  gel-silica  matrices  with  controlled 
textures  with  a  dilute  4PyP0-MePTS  laser  dye  solution  show 
good  lasing  action.  Porosity  of  the  gel-silica  matrix  plays 
an  important  role  in  determining  the  lasing  characteristics. 
A  larger  pore  size,  a  larger  volume  fraction  of  porosity,  a 
narrower  pore  size  distribution,  and  a  more  cylindrical  pore 
shape  of  the  gel-silica  matrices  all  provide  a  higher  gain 
and  total  energy  output  of  the  laser. 

These  findings  indicate  that  controlled  aging  will  play 
more  and  more  important  roles  in  the  sol-gel  processing  of 
optical  matrices.  The  applications  of  type  VI  gel-silica  will 
be  broadened  by  the  availability  of  a  range  of  controllable 
textures  obtained  by  varying  the  aging  treatment. 

A  method  of  preparing  a  solid-state  dye  laser  has  been 
developed.  The  concentration  of  dye  solutions  and  the 
impregnation  temperature  also  affect  the  lasing 
characteristics;  optimization  of  both  factors  have  to  be 
carefully  conducted  to  achieve  reliable  and  reproducible 
laser  characteristics. 


CHAPTER  VIII 
SUMMARY  AND  CONCLUSIONS 


In  recent  years,  sol-gel  processing  has  made  it 
possible  to  produce  with  high  reliability  two  new  types  of 
silica  glasses:  Type  V  fully  dense  gel-silica  and  type  VI 
optically  transparent  ultraporous  gel-silica.  By  comparison, 
the  new  types  of  silica  glasses  made  via  the  sol-gel  route 
show  advantages  over  traditional  Types  I  and  II  fused  quartz 
and  Types  III  and  IV  synthetic  fused  silica  glasses  with 
respect  to  both  processing  and  physical  properties, 
especially  optical  properties.  Due  to  their  unique 
controllable  textures.  Type  VI  gel-silica  has  many  potential 
applications.  However,  some  of  the  applications  have  been 
limited  by  the  relatively  narrow  range  of  the  textures 
previously  available.  This  study  has  eliminated  the 
restriction . 

A  general  introduction  to  sol-gel  processing  including 
its  history,  advantages,  applications  and  processing  steps 
was  made  in  Chapter  II  which  is  essential  to  develop  an 
effective  way  to  produce  Type  VI  gel-silica  with  a  wider 
range  of  controllable  textures.  At  the  same  time,  two  main 
categories  of  gel-silica:  aqueous  gels  and  alcohol  gels  were 
described  and  compared.    It   has   been   shown  that   the  alcohol 
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gel-silica  system  is  different  from  the  aqueous  gel-silica 
system  in  almost  all  aspects  of  processing  except  the 
chemical  composition.  Alcohol  gel-silica  has  more  potential 
applications  but  is  less  understood  than  its  aqueous 
competitor . 

Our  main  purposes  were  then  determined:  (1)  to  develop 
an  effective  method  of  producing  a  new  generation  of  Type  VI 
gel-silicas  with  a  wider  range  of  controllable  textures  than 
previously  available,  (2)  to  extend  the  applications  of  Type 
VI  gel-silicas,  and  (3)  to  investigate  the  effects  of 
processing  parameters  on  the  texture  and  other  properties  of 
alcohol  gel-silicas  and  extend  the  knowledge  about  the  aging 
of  gel-silica  monoliths. 

Different  ways  to  change  and  control  the  texture  of 
gel-silica  were  reviewed  in  Chapter  III.  The  texture  of 
gel-silica  is  formed  and  developed  during  gelation,  aging, 
and  drying.  Textures  can  be  controlled  by  changing  the 
parameters  of  all  those  processing  steps  such  as  catalyst,  R 
ratio,  temperature  and  time  etc.,  basically  by  controlling 
the  relative  rates  of  hydrolysis  and  condensation  reactions. 

The  concepts  of  aging  of  gel  structures  and  the  main 
changes  during  the  aging  process  for  both  aqueous  and  alcohol 
gel-silicas  were  discussed.  Compared  with  other  methods, 
controlling  the  texture  by  varying  aging  treatment  was 
believed  to  be  more  convenient  and  the  most  effective. 
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In  Chapter  IV,  three  experimental  procedures  were 
designed.  In  experiment  A,  alkoxide-der ived  silica  gel 
monoliths  were  aged  in  the  mother  liquor.  In  experiment  B, 
the  silica  gel  monoliths  were  aged  in  NH4OH  solutions  with 
various  concentrations.  In  experiment  C  silica  gel  monoliths 
were  first  aged  in  the  mother  liquor  and  then  dried  in  an 
NH4OH  atmosphere.  Our  attention  was  focused  on  the  former  two 
experiments:  experiment  A  and  experiment  B. 

In  Chapter  V,  the  texture  and  properties  of  gel-silica 
samples  derived  from  experiment  A  and  B  were  considerably 
different.  The  effects  of  time,  temperature  and  pH  on  the 
texture  and  other  physical  properties  were  investigated.  In 
experiment  A,  the  texture  of  gel-silica  changed  only  slightly 
with  aging  time  and  temperature.  By  comparison,  the  aging 
temperature  showed  more  of  a  profound  effect  on  the  textural 
change.  The  maximum  average  pore  radius  of  gel-silica  samples 
in  experiment  A  was  only  20  A.  The  pore  shape  of  the  samples, 
obtained  by  nitrogen  sorption  hysteresis  analysis,  remained 
like  ink-bottle  type  pores  (bottle  shaped  pores  with  narrow 
necks)  throughout  the  aging  history  and  no  essential  change 
of  pore  shape  was  observed  in  the  experiment . 

In  experiment  B,  the  texture  changed  significantly  with 
treatment  time,  temperature  and  concentration  of  the  aging 
medium,  an  NH4OH  solution.  The  concentration  of  NH4OH  played 
the  most  important  role  in  changing  the  texture.   The  surface 
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area  decreased,  the  total  pore  volume  increased,  and  the 
average  pore  radius  increased  generally  with  increased  aging 
time,  temperature  and  pH .  These  results  for  the  alcohol  gels 
are  similar  to  the  behavior  described  by  Iler  for  aqueous 
gel-silica.  It  is  very  important  to  note  that  the  pore  shape 
of  all  the  samples  aged  in  NH4OH  solutions  were  changed  from 
"ink-bottle"  to  cylindrical  pores. 

The  pore  size  distribution  about  the  mean  of  series  B 
gel-silica  samples  was  much  narrower  than  that  of  series  A 
gel-silica  samples. 

The  properties  of  gel-silica  samples  derived  from  those 
two  experiments  were  also  quite  different.  The  wet  gels 
contracted  gradually  with  aging  time  and  temperature  in 
experiment  A  and  finally  reached  a  limit  due  to  the 
competition  between  syneresis  and  the  stiffness  of  the 
gel-silica.  In  contrast,  in  experiment  B,  the  wet  gels 
dilated  rather  than  contracted.  The  final  limit  reached  was 
determined  by  the  competition  between  dissolution  and 
reprecipitation  of  silica  within  the  network. 

The  change  of  bulk  density  of  gel-silica  samples  showed 
a  similar  trend.  In  experiment  A,  the  bulk  density  of  wet 
gels  measured  by  the  pore  liquid  immersion  method  increased 
with  the  increased  aging  time  and  temperature  due  to  the 
syneresis.  The  bulk  density  of  dried  series  A  gels  did  not 
change  significantly  with  the  aging  parameters.    In  contrast. 
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the  bulk  density  of  dried  gels  derived  from  experiment  B 
decreased  with  the  increased  aging  treatment  time, 
temperature  and  the  concentration  of  NH4OH. 

The  microhardness  of  both  wet  and  dried  gels  derived 
from  experiment  A  were  measured.  Microhardness  increased  with 
increasing  aging  time  as  well  as  aging  temperature  indicating 
that  the  gels  were  strengthened  effectively  by  the  aging 
treatment.  However,  these  results  did  not  mean  that  a  longer 
aging  time  and  a  higher  aging  temperature  were  always  good 
for  the  production  of  monolithic  gel-silica.  The  increases  of 
contraction  and  the  stiffness  resulted  in  high  residual 
internal  stresses  which  usually  caused  severe  cracking 
problems.  Though  the  microhardness  decreased  with  aging 
treatment  time,  temperature,  and  the  concentration  of  NH4OH 
solution  in  experiment  B,  the  gels  still  maintained 
sufficient  mechanical  strength  to  prevent  cracking.  High 
reliability  was  observed. 

UV-VIS-NIR  spectra  showed  that  gel-silica  samples 
produced  by  both  experiment  A  and  experiment  B  had  good 
optical  properties.  In  spite  of  the  large  pore  size  and  large 
total  pore  volume  of  series  B  gel-silica,  the  only  difference 
was  a  slight  shift  of  UV  cutoff  to  the  longer  wavelengths  as 
pore  size  increased. 

It  should  be  emphasized  that  densif ication  behavior  of 
the  gels  derived  by  those  two  different  experiments  differed 
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from  each  other.  The  densif icat ion  behavior  of  dried  gels 
made  from  experiment  B  was  greatly  improved  by  the  aging 
treatment.  The  dried  gel  monoliths  could  easily  be  densif ied 
without  foaming  or  cracking  even  in  an  open  air  furnace 
within  a  very  short  time  period.  In  contrast,  it  is  almost 
impossible  for  gels  made  from  experiment  A  to  be  densified 
under  the  same  condition.  Besides  the  measured  metric 
properties,  the  calculated  topological  properties  showed  that 
the  pores  of  the  series  B  gel-silica  samples  remained 
interconnected  over  a  relatively  wide  temperature  range 
during  densif ication .  When  the  temperature  reached  a  critical 
point,  all  the  pores  collapsed  at  the  same  time  mainly  due  to 
the  narrow  pore  size  distribution  about  the  mean. 

Possible  aging  mechanisms  were  proposed  in  Chapter  VI. 
So  far,  the  large  differences  in  both  texture  and  properties 
between  the  two  gel-silica  series  indicated  that  there  must 
be  different  mechanisms  governing  the  aging  processes  in  the 
experiments.  We  proposed  two  models  which  illustrate  that  the 
aging  stage  in  experiment  A  was  dominated  by  the  condensation 
reaction.  In  experiment  B  aging  was  governed  by  some  other 
mechanisms  including  Ostwald  ripening.  Since  Si02  is  almost 
insoluble,  it  is  impossible  for  dissolution  and 
reprecipitation  processes  to  take  place  in  low  pH  solutions, 
especially  in  the  presence  of  alcohol.  During  aging  in 
experiment    A,     the    condensation    reaction    continued  and 
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controlled  the  aging  process.  However,  in  experiment  B,  as 
soon  as  the  gels  were  taken  out  of  the  pore  liquid  and 
immersed  into  the  NH4OH  solution  the  suddenly  increased  pH 
promoted  the  condensation  reactions.  The  entire  structure  of 
the  gel  was  frozen  at  the  very  beginning  of  the  aging  stage. 
The  following  processes  occurring  in  the  system  should  be 
dissolution  and  reprecipitation  which  was  proved  by  the  ICP 
measurements.  The  dissolution  process  degrades  the  network 
weakening  the  structure  and  causing  dilation.  The 
reprecipitation  process  coarsened  the  network  and 
strengthened  the  gel  structure.  The  final  texture  of  the 
gel-silicas  was  probably  determined  by  the  equilibrium 
between  those  two  processes . 

Huckel  molecular  orbital  (HMO)  calculations  provided 
complementary  information  about  the  pathway  of  condensation 
reactions  and  the  structural  evolution  of  the  gels.  The 
results  show  that  there  was  a  pentacoordinated  intermediate 
state  existing  in  the  condensation  reactions.  According  to 
the  Huckel  molecular  energy  calculation,  chain  structures 
were  more  likely  to  be  formed  than  the  ring  structures  during 
aging  which  is  consistent  with  the  results  by  other  MO 
calculations  using  AMI,   etc.    [92]  . 

Chapter  VII  demonstrated  an  important  application  of 
monolithic  gel-silica  samples.  The  solid  state  dye  laser 
composites    made    by    porous    monolithic    gel-silica  matrices 
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impregnated  with  4PyP0-MePTS  laser  dye  solutions  showed  good 
lasing  characteristics.  The  texture  of  the  gel-silica  matrix 
played  an  important  role  in  the  performance  of  the 
composites.  The  gel-silica  monoliths  can  also  be  tailored  as 
host  materials  for  other  optical  devices. 
Thus  we  conclude  that : 

(1)  The  texture  of  gel-silica  can  effectively  be 
controlled  by  aging.  By  varying  aging  parameters,  the  pore 
radius  of  the  resultant  gel-silica  can  be  altered  from  1.2  nm 
to  14.8  nm  with  very  narrow  distributions  of  the  pore  size. 
The  volume  fraction  of  porosity  can  be  extended  from  50%  to 
as  high  as  74%.  The  pore  shape  can  also  be  changed  from  wide 
voids  of  differing  diameters  with  narrow  necks  to  pores  with 
smooth  cylindrical  cross  sections. 

(2)  The  application  of  Type  VI  gel-silica  has  been 
extended.  Gel-silica  with  wider  range  of  controllable  texture 
and  other  unique  properties,  including  good  optical, 
mechanical  and  thermal  properties  has  more  practical 
applications  than  ordinary  Type  VI  gel-silica  with  limited 
ranges  of  volume  fraction  and  size  of  pores. 

(3)  The  importance  of  the  aging  stage  in  sol-gel 
processing  has  been  extended:  it  is  not  only  a  useful  tool  to 
increase  the  wet  gel  strength  avoiding  cracking  problems 
during  drying,  but  also  a  powerful  method  to  control  the 
texture  of  gel-silica  monoliths.   The  proposed  different  aging 
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mechanisms  and  interrelated  models  provide  a  new  basis  for 
further  understanding  the  science  of  aging. 
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